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Abstract

This paper proposes a new design of a robust control and monitoring system (RCMS) for robust stabifization
of frequency fluctuation in a microgrid (MG) system. In MG system, the power sources consists of wind
power (WP), photovoltaic (PV), micro-turbine (MT) and fuel cell (FC). Due to WP, PV and load: fluctuations,
the frequency stabilization of RCMS is performed by adjusting the power outputs of MT and electrolyzer
system (ES) in both islanding and interconnected utility grid operations. The structure of MT and ES
controllers is a proportional integral (Pl). To enhance the robustness of designed controllers against system:
uncertainties, controller parameters of MT and ES are concurrently tuned by the particle swarm optimization
based on a specified-structure H., loop shaping control. Simulation results display the effectiveness and
robustness of the proposed RCMS against system parameters variation and several operating conditions.

Keywords: Microgrid, robust control, H, loop shaping control, particle swarm optimization.
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RCMS : Robust Control & Monitoring System UG : Utility Grid

WP : Wind Power PV : PhotoVoltaic
MT : Micro-Turbine ES : Electrolyser

UG : Utility Grid ' FC : Fuel Cell

TR : Transformer H,T : Hydrogen Tank
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ﬁ];’ﬁ'mﬂ%fuﬂgammmL%aﬁavlé’lm:uuvlwvhﬁﬂé”a WAHINITIBRAAUNUN NI T EATIY
gmsawgﬂﬁﬁnﬁm [1] 881915 AauAINNTEITIAVBIBIATTIAN (world bank) [2] WUNTE1WIN
Us2T1n507IANTT 2 ﬁﬁuﬂuﬁ'mﬁﬂag;sauianluu§Lamﬁuﬁﬁﬂthna°§aﬂ”ﬂvl,&ivl,@i”l.%amial,ﬁ'ﬁﬁ'u
nsamslinh tity grid: UG) Lﬁaamnﬁaaﬁ’ﬁﬂ"ﬂ‘lummmmm:amwLnﬂé"auvl.ajmm:au'ﬁﬁ]z
Gass 1udu dniuafiazutlotgnail ssunlulasnia (microgrid: MG) [3-4] Sailudn
madennitafiazutlodymnmsfessssuy i luiuivelng s2uu Mo e N§NT8IMIY
Lﬂiaaﬂ’lLuﬂvLWW’lLLUUﬂi‘”ﬁ)’m (distributed generation: DG), MWIBUNEITURZTULLUNTZANE
(distributed storage: DS) uazlyae [5] s2UU MG mmmmwﬁwmuagluiﬂmmiﬁﬂmmmu
wendasz (islanding) uazkuuifanluanianislh (interconnected utilty grid) [6] wonaNIH
UL MG manIatieaadymiaasniazlanion (global warming) wazsndufiasruFoiadan
andp innziuwssiudalwrhfitanlslu Me  snlnaudadsznevlddsunaswasemn
NAUNY (renewable energy) LT WRIIIUIY (wind  power: WP), WRI IR AR
(photovoltaic: PV) fueu ifiasninduunsewssomdinnlsleagslidma wazlirinans
ﬁ:mmﬁaw [7] ‘luﬂ%@ﬁuﬁﬁimcmsﬁlﬁmn”u s2uu MG ananerialan 1w Tasenis
cjonsortium for electric reliability technology solutions (CERTS) Iuﬁ‘wfimiﬁﬂ’] [81, lasIms
aichi, kyotango L&z hachinohe luﬁjﬂ;u (91, lasams MG lutauna [10], 1aT9n13 kythnos island
1n3n [11], Tas9ms labein Tuaitn [12] 1uen
st lsfionulansssumuimaanuan wasnasnuiasenfindisnwasuoulidaiias (13]

BWIRS MTNTIHNR AN NAIIURY LRzNaWIRLEI o Raaudasuntaiasaaian Fldifa

D,

anuliauaarastasinmess (eal power) lumndalvvh uazlnaa 14 sswalwifianns
wisuulaswasnud (frequency deviation) uszuy MG uaznmistldunwuasuarnasiwviag

fUEIABLTDY (tie line power deviation) Liaszuy MG iHaudainnunianislWwy astuea

mmummﬁ (frequency controller) ﬁaﬁmmfﬁmﬂuaﬂ'wmﬂﬁﬁ]:ﬁﬁmlﬁumsﬁwLaﬁmmw*’uaa
VY MG 'LvmUlumamaamﬂﬂaammawaamuvl@ Wafiazutladmil Sathlalasinaslud
(Mlcroturblne MT) mﬂs~an@ﬂﬂumsmamaﬂwmLmvl,llmmﬂlmmu MG atnslsfienauiled
maasuudasasinaaadreviuinula MT a193ztrndatas Wi ldaseluiieene

, Lﬁaamﬂﬁqméﬁwmxmmauauaawafﬂmmaﬁ*’ﬁﬁ Falaora lUnaA1AI89 198 IR IN

(turbine) Tu MT azaslugng 2.0-5.0 Funfl audeu [15-16] Wafiazyinmsdiulpnamisaiugy



|
At MT d9riudsin (Electrolyser, ES) invszgndliluszuy MG 19970 ES fiomanwoue
maseususinaiafii laveinsofassumas v douudasluszuy MG Idagesias
(17]

Twsmsnwisafisuandin Es mlﬁ‘lumsﬂ%’uﬂ;mamsﬁﬂLaﬁmmwmmﬁlm:ummu
ugndase (18-19]  wananunlu [20-21] lddisuanisaanuuuzuuaIugy  uazdaaia
1szifinmg (control and monitoring system: CMS) r;%m%’umuQuﬁnﬁ'avlvmﬁﬁmaaﬂmao MT uas

A @ o a a o ¥ A 1 i A
E}S Lwaﬂsuﬂgqwamsmmnmn'}wmmn wazias W RaegsdaanluTzuy MG F9lu

nwitpwsiausaiisissnwezoy MG 166 ednslsfianuwinfiiees draivauzas MT
%LLE]: Es lu cms ldenuunmdmsumahenuuunesndsss wasuuuidanlosnsamsinwilas
:VlaiﬁwﬁaﬁoNamaamiﬂmﬂwﬁé'uw"uﬁﬁ'u @”oifuﬁavl,&immmﬁuﬁ'uﬁdNamsmnquﬁﬁuw"ufﬂ”u
fa;mﬁizmw MT uaz ES 1u cMs uenanitluonuisomaiiiladiamsanaliwinanly
s%:uuﬁm%:t,ﬁm‘m& 1w Mstdsuudasiwiniiaes vasszun, Mmaasuudasisims
wfﬁﬂ uazlunan udn luwnseanuuusiaugs AMIUAINUBDINIAILAN MT Uaz ES daauly
winawluszuusslimusnfesBugild

| lunseenuundmavgulitnanzay uzasnudemnudsuulamassnin: dagitlsl

wiuenluszuy 1w Mmaddsundaisimsnga uaslnan, naUisundasarniiiassuag

seun luedn iurinlen w‘viaﬁa:mﬂmﬂurymmsaammuf: ADnseenuuy H, [22-23] 99
fﬁwﬂﬁumsaammué”amuqu azha"l.sﬁmuLﬁuﬁmmn”u’hﬁfamquﬁaaﬂLLUUT@U?%’ H,
Audisuansusi (order) AP uaz Lz fiazi Ul lum s f1i5 [24-25)

Welazuiymdsniitaduiimue  lunwisvilseldianenmssanuunuuuiiuniu

TERTHAMNUANLULAINUDEY MT Uz ES ergiimssasmguitey A, uuulasiadiy
L%LW’]:L?]’]:% (Specified-structure  H,, loop shaping control method) ﬁ%’m%’uﬁﬂlaﬁmmws:uu
MG lanaaignasdinuguuuuaImuas MT uas ES #e uuuila (Proportional Integral, PI)
fudmmilineuosdiaugu MT usz ES ludwmsvhauuuuusndas: uazuuuifeulss
A‘%@mﬂﬂﬁﬂmmafj’mmm:aww%awﬁmﬁm%ﬁmjwagmﬂ (particle swarm optimization: PSO)
Han1IdaaInIvnauRaesugasliiiutirurrnuslumsiiafiosmwuasanufissuuuas
ﬁ’pé’avlwvﬁﬂvl,@mﬁaﬁaﬁﬂa’mmnugmaﬂ'nmvl,&iuﬂ,uamm6] Tuszuy LﬁﬂLﬂ%UULﬁUUﬁUﬁ?ﬂ?UQN

AdmIeneun I udsufisnwan

2. szuy Wi AasNan¥ILazLUUINRDISEUY

JTUY MG 1u3ﬂﬁ1ﬂs:ﬂauvlﬂﬁwwé'amuau (wind power: WP) 100 kW, WadH
wg9anfiag (photovoltaic: PV) 25 kW, 'lulasinaslusl (microturbine: MT) 100 kW, s2uu

aidnlaslaimes (electrolyzer system: ES) 289 HOGEN® 70 KW [26-27], LRV RINTRRE)

Nalasiau (hydrogen tank: HT), loadiBainis (fuel cell: FC) 5 kW, ITUVAILY LS
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CMS WP PV MT | Y oxw H; "quO
: I XN 25 kW 100 kWi L> - n
. FC Load
: 5 kW
___________________________ AP;ES 1 K 160 kW

gﬂﬁ 1 320U MG

Aaa1uIztduna (control and rhonitoring system: -CMS), Iva@ 160 KW, wiauaslunn
(transformer: TR) uazn3ans bwA (utility grid: UG) Taarialilud MT 'l’ﬂﬁi]ﬁhﬂﬁﬂﬂ”ﬂﬂﬁﬁtiﬁﬁj
sudie WP war PV liswisadigsnds W leasnafinewa uez £s. snanldiiense
lalasiau (Hy) dmsuiduFamdauas FC sumssumalwmduaanuas WP uas PV &% H,
findalan Es oAU 3R HT Tegssuu MG Aanwiitlapaniumsniidnanisuiarngs i

o

gaq@ﬁ' 230 kW iialviAsanadannudssmruasinanluszuy din Es laganuuuuniesy
maslwwhaes WP uaz PV fiilasuitasatharasiinne 70 kw lastnaudamar inwiinge
N WP Uaz PV %:ﬁqma”nwm:ﬁ‘lajuuuau uselaisiaiiag @Toﬁvumwwiﬁawqamaaﬁ%ﬁlﬂvﬁ‘m?o
fa mmq’naamnﬂﬁwuﬂmmmﬁ uanmmfun’mﬂﬁaul,mawaammﬁmulﬁmn%ammiﬂ
nu UG fia mmqmaamnﬂﬁmuuﬂaaﬁﬁa‘lvﬂvﬁqﬁmndwﬁaﬁau wiefiszurlutymninenit aa
AIWANUUUAINULEI MT Uaz ES figunusiulu cms ﬁoﬁnmﬂs:qn@“lﬁﬁiaﬁ%:ﬁmaﬁusmw
luszuy MG

a’mgﬂﬁ 2 IAIUANULLAINUYEI-MT Uaz ES figunusniuly cMs ﬁ”nmﬂs:qnm'ﬁﬁaﬁ
Y‘iﬂﬁﬁrynpmﬁwuwﬁﬂaunéa”mjaammhiamqaﬁﬁe‘lv&lﬂw%a (aP) luszuy MG ﬁmﬁauﬁq@
vianlaazunsufivhlwidwdaduvas CMS LLam"lﬂ“luglJﬁ 3 dusanmasinvues FC luunil
laruudlviidrnsiinasaiiaifisuwia 5 kw L RUNANTUSIN BB H, ¥7nN31 50 % 1u
HT G9RpIwasam s FC aaaatianIsiasdssuy WITIALAB3VBITEUY MG lauaasd
1aefi 17 uazdaSnodsnuallalily
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Islanding mode controllers
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i S I Switch
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M99 1 Fayasz vy MG

K 100
r ES 60
e 0.04
M 10
D 1
K 0.072

M15130 2 Joya WP

P p (initial)

P p (maximum) 100

Ay
13190 3 "Uﬂl‘va PV

Photovoltaic | KW '
P,y (initial) 10
P, (maximum) 25
a g
A1519N 4 Vaya MT
Microturbin‘e.:a S~ | - ooriek W
P (initial) 70
P 4 (maximum) 100
P, (minimum) 10
Ay
MNIINN S ‘U'E]Hﬁ FC
P .. (initial) 5
P . (maximum) 5
P ¢ (minimum) 2




a4 9
AN 6 VDY ES

Py (initial)
P ¢ (maximum) 70
P s (minimum) 30

a4 _ v
M5130 7 Yoyalvan

fadunsayanwol

D ANIBUI

dPpy mawfsuudasinaigmsednasnusanfiag

dPByp mnﬂ?iuuu,ﬂaammgmmaawa”amuau

fo AMNAsEUY

G VLT

1Glyps mi»j°m'mmmommﬂmaos:uuﬁs:q G fignuamution

Gy ES T LT T ot
|G gs 1y Mdnunsvsauidavesssuufisasgn G Adnmanufie

H, lalasian

HT ndmmsbuglalanau

4 daanumguadssuudianias latmes

Ki AATIVENHY DI URDEININ

¢ ANBATIVNLBITRRITBLNEY
| Kyr fAnuaN@ droop vadlulannaslud
| Kpsis MmuguLULAINITBITzUUBaniaslatweluminuuuuuendas:
| Kpesug mmuguuuuamussszuuaianlaslaweslummnhauuoudeulss

nsamslnvh
| Kbasss dmauauuuuaimuzediulanneslutlumsiauwwoousndas:
| Ehietug MmuguuuuamuzeslalasmasluilumsouunidesToaniams
v

| M Aasdanuian

Pi drduaanmasluvissivaslnanzuudianiaslaes
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A ES

fenaantadinwiaS s asLTalwad

Qs

ailsznaungs

b

° o a

asinwesfinga
marlveseiinaalasesasiufielnindieaii
masinrhasasudh

naaszuy

isslnwesimaslnea
famaaniasivmaseslulanneslud
ddnaantas WS InasmLssanfiag
maslnrhesefindalasasastndinlinrgslasis
masind Amssedarton

admaaniasimies e InaTIIaY
aisududueanmatlniiessasinanszuusianlosiamas
IS NSRBI AT NSRS LB DINEY
fisududmaanias Invassweslulanmoslusd

mggmq@maaﬁwuaaﬂﬁﬂa”q‘lwww?am a9lnaaTzUUBANIaT a1 Tas

'
3 °

o o % | v a & &
mm'ﬂqmaamuaanmao"LWW%riamaaImmzuuaLaﬂIm"l,aLsnaj

1 d

nga‘n Gl aﬂﬂﬂuﬂaﬂﬂ'lQGVLWWW?JSG?JE]GL"IIRNLﬁBLWﬂG

Mmenfia maomuaanmmvlvlvd’mswaqLenaamal,waa

n.

mgw gavosduaentasiinaseslulanneflul

D.

) °

s @mmmuaanmmvl,wmaiwaovl,u‘[mmaﬂuu

6

Gi’]fﬂ\'i (502K E]GG]’]%SE!HH’]RGVLWWWQSGTBGWNGOW%LLNG aniag

A [

AT m;aamuaanmaﬂvdvhﬁ]'swaawaamuumm‘mﬂy
AgInNg Wnaamuaanmmvlwwwnmaawmmuau

y
mm‘ﬂqﬂmaaéf’maanﬁ'la”ovlwmﬁwaqwﬁamuau
MAIAININAIVBITEULBLEN AT haLTaT
FAIAINISIAVEIAIA T TN
ARSI TR T DINGY

Worltusinmiin

SuanueusaysIaaIfay

yuafiguiuinusznhonIam sl wazszuululainia
mMaddsuuwlssrasanud
a7 u"[ajauqaﬁﬁavlwwﬁﬁo

malasuulasusantngs wiassvaslnaaszuusianiasiaimas
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3

o]

NRUFUNIT

fianlasiainas

Tulasinaslugd

v
ar

maudasuudadlusrumavnaweuuiendaszuaslnaaszuudidnlasiaimas

[

mswasulassneantmaslniiad o rasidoing
mstsunasssslWwisiuausuig
matasuutassusantasnwhesaslulesnaslud
madasuulaslugnumahauwuuusndaszusssusssnlulanmesluil

m3Ronudasiusiumariinusutuugeuloaniamyinwivasauasn
mM3Uasnuladwasinad W fisaddaiFau

Uind goue AR dn S dulaas laaIzunIs

AX = AAX + BAu
AY =CAX + DAu

. 0 Kes
Tgs Tgs
A=| 0 o
Xlie
_ISSOYAINYONR
M M M|
0 0 0 0
B=| 0 0 0 0
S | =l
L M M M M
-1 -1 0
C=
V®) gl 1.9

o [—1 -1 1 1}
0 0 0 0
APyris = Kparis (5) AP
APgsis = K psis () AP
APyrug = K prarisg () APy,
APgsug = K pEsug () AP,
Kpuris (8)=Kp_uris + K1 _ymis [
Kpesis (5)=Kp_gsis + K1 _gsis [$
Kpusrug (5)=Kp_uirug + K1 mrug /8

Kpesug (5)= Kp_psug + K1 _gsug [5

12

mMadfsnudadludinnisvieseumgaulaosnsanisinwiveslnanszuy

2)

3)



t
'
i

|
! .
h g T a | e o a
loofl AX =[APgg AP, Af] @8 inw@asaOuE, AP, AP, Way Af A9 MatAonuilasuas
lvaa ES, faslndrispdedalion uazalufiatugay, LIntaaiiandnafe
f ‘ [ 2= A T
‘A’Y=[AP "e] LjﬂL@ajauw@]ﬂa Au:I:APMTis APESiS APMTug APESug] y APMT[S LN APESIS
I Qs
o nmafsuudssludunsronuuuuusndsssussdinosn MT uazlnan ES  anwdiaw,

|

APyrye W8T APgg,, Aa madsundaslugwnsrnuuunideulosniamsiiwaesiusan

o hod Al Qs t:i o
MT uazlnan ES enufal, Ky (s) W82 Kpggs (s) 9D @3AILUQNUUUAINUNUINTUEVEI MT

uaz ES lumsrnunuuiendaszaiudiay, Kpprug (8) W8 Kpgge(s) 08 @2070QUUUY
AINUNRUEUEVEI MT Uz ES lumsauuuufeulos  nSamsiivhewdey wazszoulu
gunsh (1) A szuwmsﬁuwwmmm@i’w@ waziuszuufiney G dmiﬂ'ioa%waw‘f'smuqm

WLLAINHYEY MT uaz ES lugumsii (11)-(14) fia wouuile

}
|
|

| a
31 ﬂ']ii)i)ﬂlli]i]ﬁl’)ﬂ?ﬁﬂ&lﬂ%’]tﬁ%a

|
|
| a 3
3.1 asmnmmmsamammuwsan H LL?J]JTﬂiGﬁi'NLRW’]”L%"IZ%O
\
1

YR LammawumamﬁmmumswammmasauH wuulassadaaniztanzasadune
Taasdalih
|

3.1.1 N15IAFMZIWIIIDL (loop shaping)

31 4 S2UUNIAFIIEIU Gy UATAIAILANULLAING K

NNz 4w fe darleuTalTy  (pre-compensator) URZ W, fiB AINAITALTY  (post-
compensator) tihanlfluntssieginmesssuufidadmgu Gs = w,6m FIRAIAILAUUDL
MU K =K, laof K, a8 arniuey H,

3.1.2 n15LRana1NeNTWIEIHIN (weighting function selection)
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|
1
|
|
|
i
i
|
[
\
!

lagrialiudasdmlsisusimin w uaz w, szifanliathanuzanldimsdasdqmauda
| (1
’IJE’:J\‘J’NSEI'ULﬂﬂ“llﬁ]x‘li"ﬂﬂﬂi]ﬂﬁmmu (open loop of the shaped plant) [28-30] @4

- wmamwmmaiamﬂm‘nmﬂ (large open loop gain) " fignuamutien (low frequency
ra’nge) TI9zdINAlANINNTDNFNITOUL (performance tracking) WaSMIABRIBETYYIIATUNIU

(disturbance rejection) uuvlmmmn"uu

) Ly

- fiddanveisseuiiladien g (small open loop gain) fihuaungs (high frequency

A dg ] kY ar
reinge) Feazdanalifidafiosniwasnu (obust  stabilty) @9% uszEwNIDFRMIUTIYIM

wmummm‘s (sensor noise rejection) ledundn
§ 1%5‘1]1’1 4 svuummammuaﬁwummUw\mmmvxun W, unz W, muummnwmﬁuﬂ

WAy W2 Mnualaasguns (15) stumswuumwu G (nominal plant G ) fosruumnils

B‘f_"

wuumﬂvg@ (single-input single-output: SISO)

s+a

KW W2 =] (15)

—
o

Uﬁ Ky, a Uz b ﬁﬂ"]&ﬂﬂﬂ’j’lﬂuﬂ (positive values) uszd1 7, Muualiiduduuunses

Re

@

a ' A ¢ a & 4, .:I
mwmmmagamu (a<b) LW?’]:?’]ﬂ’]Lﬂ‘HLL%%VT@'Gq(ﬂ"UElxﬁziJ‘U’J\‘]iﬂ‘]JLﬁ@Lﬂ@‘l"l]%‘ﬂEl’]%ﬂ’ﬁ&m

L B
)

usaud e duihwin w uaz w, IuszuunanuBuwanilaiendwe (multiinput  single-
output: MISO) LLawswumﬁmﬂauwmﬁmmamwm (multl input multi-output: MlMO) =nue e

GIFUNNIT (16)-(17) AN I@]Uﬂﬁ&lﬂ’]i (16)-(17) Saznandesioly)

L Ky

S+al 0
s+
Wy = & , Wy = (16)
s+a -
0 Kipp ——=
S+b2

!
n
= y= N U 6 U [ ¥ »
laofl Ky, ay, b, Kyy. ay UST b ddrannigud uazedn w funaliidudwunnsas

d A
SYRATHDGIY (4 <k USE a <by)
l Ky 24 0 0 0

S+b1

0 Ky 1% 0 0

+b2
W, = Wy =1 (17)
! S+a3 2
0 0 Kus 0
5+by
0 0 0 Ky 225
i s+by |

IL)UV] Ku/], ap, b], KWZ’ an, b2, Kw3, as, b3, Kw4, ay LR b4 llﬂ']&nﬂﬂ'ﬂﬂuil LLﬂ»ﬂ’] VV]
m'vmﬂ'lmﬂumLmumaaammmmmnmmu (ay<by, ay<by, a3 <by UAZ a, <b,)

'3.1.3 MIAWIMAIEINLHBLANITATWAING (robust stability margin)
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A
Perturbed
Plant

110
|
I
I
|
I
|
|
I
|
Q

Au AY

| Robust controller

3U7 5 dywimsviedosnineny H,

E Tasluudenaliwinenluszuulhisssulng anduffidedulaslildmaniyol
Tisaameh 15w madsuulasimndinefasszuy, mudasuulasmamnia uazlnaa
L}L’]uﬁu Fefionuldiduenyliwinenluszundlleseats (unstructured system uncertainties)
ufax"lajmminLLam@‘hUm”nmsmamﬁmmaﬂﬂﬁ SInUIFATENDULANIZIIY (coprime
factorization) Hlehandsrondlfunuanulivivenluszuy damszuufisadugn G T
fnuluguuurasitszneuawizsandravildidudsnd (normalized left coprime factor) #39
§UMI

; Gs = M5'Ng (18)
Waz3zuufiTunIu G, (perturbed plant G, ) fenwldassums

Gy =4(Ms +aMg) ™' (N5 +ANs)

I:ANS mws} <1/y (19)

|
|

ko
Ii@mﬁl AMg Uaz AN, @ ewsridudrnlon (transfer function) Alinsuen SeaFunsdsdana
”I,;;\imi,uaulm:uu G @”afuﬂ”ngmmiﬁmaﬁmmwmwu H,, sannfiaztuedu anldanen
g;A uaz K @°0LLa@a1u3ﬂﬁ 5 LLa:f@qﬂizmﬂ"Lumsaanmeumsmuqmmumwuﬁﬂmﬂmu@iﬁ
selifiafosmwluszuy 6 ud uddtazhiiaivsnwluandnimuenes 6, daw

Tugunsfi (19) d 1y fi sndrmdaiafioTnwasmu @"ﬂfummmﬁamﬁmmwﬁmnﬁq@
moldanuliuinenluszoudii mmmﬁﬁ]:ﬁnmmvléﬁrmmﬁ'@‘ﬁﬁ;qmaa y wialsend 9,

love y,., wuwusasinwanuinfigavesanyliviueuluszuy Jadn 5, drurnldn

qUNT
Vin = A1+ A (XZ) (20)
1087l 4. (XZ) fa dLanzad (eigenvalue) fifidnannfigares xz uazdwivsunrdindanus

(state-space) 7i6NN1§A (4,8,C,D) B84 G Wue X uaz Z Aewataapifanduuin Gedwam

IMNRUNIIINMG (Riccati) a9f
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(4-Bs D7) x +x{a= Bs"D"C)- XBS BT X + CTRVC =0 1)
IGH
? (4B D7)z + Z(4-Bs D7 C) ~2CT R CZ+BS™ BT =0 (22)

laofl R=1+DD" unz S=7+D7D sariusin Vin Tugamsi (20) mansndwimeaninldlan

[y o
VL?J mmmmaﬁ’mm (iterative method) Lz LWE}'ﬂﬁ] wsmanmmwmwu‘lmwuu G mWonmu

hwiindafenlwedmeldTewlures 1.0 <y, < 4.0 [28-30]

w_

1.4 Worswinnyszaod (objective function)
Ul 4 f w, =1 dodiudn K, mmmmwamﬂqumamwmﬂ@ﬂﬁ il

Ko =K (s) (23)
1n [28-30] o LLazL‘ﬁ"auVLmﬁainLﬂumaw’ﬁmuqmmumwu K(s) A

‘M(I—Gsw 1 6]

unuaFun1IN (23) asluguniif (24) azle

I {;/_lK()J(I GV 'K (s [ 5}

[V
as o 6 as

W ﬂ“ﬁ%’lG}ﬂﬂi“’ﬁdﬂﬁﬂﬁiutaE]ﬂﬂ’]wxﬁﬂ"ﬁuu”muﬂ LRZWIAINITINLADT6 ?ﬂ’]UﬂﬂJLLUUﬂGﬂ%LLﬁ@N

!
|28

ana
]
|
J

[-9)

<y : ; (24)

o

<y (25)

—

wWINdiaeiaanInguuey MT wa: ES aunsafiazeenuuvldlasRansonainaunisvariay
i@nﬂ?mﬂ@”ﬁ
‘ I

w7 K (s)

Minimize y... +

(26)

}(1— GSWI"IK(S))_] [1 GS:I

o0

|

i
el
Kwi-amin < Kwi-a < Kyp1_4.max > Qi-a.min < 91_q < Qg max

bigmin <bi_g <bi_gmax> @ <by, ay <by, a3 <by, ay <b,

ymin,min < ¥min < }’min,mm( ’ ,Gldg’/f <!GS |dB,lf

Kp_wmrismin < Kp_pris <Kp_prismax» K1 mrismin <K; s < K/_Mris,rpax
Kp_gsis,min < Kp_Esis < Kp_ gsismax > K1_gsisymin < K1 _gsis <K Esis max

Kp_mrugmin < Kp_mtug < Kp_mrugmax > Ki_mrugmin < K1_mrug SKi_ Mrugmen

KP_ESug,min s KP_ESug = KP_ESug_.mzL\: » KI_ESug,min = Kl_ESug < Kl_ESug,max 27
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dninueayanan nissounmmanszl

1087 Kyt gmins @ amins Bdmin %92 Kpgmas Gma Bams 98 SWINHADTIS
Wtiﬁfuﬁmﬁnﬁ@%wﬁq@ LLazgoﬁq@mao MT  uae ES Tud1un1svinawuuuusndas:s wasuyy
daulosnsanmslwviaudedy, Yminmin Y8 Vminmax A9 m@"hﬁqﬂ LLazgaﬁlqﬂmao B
aWiaY, (Gl uaz (G|, A8 Mdanvevvseudavesszuuiizy 6 uasszuudida
FUIIU Gg NituaNudaIausey, Kp wrismin» K1 _mrismins Kp_ Esismin+ K7 Esismin W8Z
Kp_mrismax» K1 mrismax » Kp_ESis.max » k,_ Esismax 1D m@"i']ﬁqﬂ LLazqeﬁqmaomﬁﬁmas‘ma
VBY Kpyry W8T Kppg, @IUAIGY, Kp_ mrugmins K1 mrugmins Kp_ Esugmins Ki_ Esugmin WBE
Kp_mrugma+ K1 srugmaxs Kp_rsugmaxs K1 psigmac 08 SN6N180 uazgafigavasniniined
WaV8I Kpyrye W8T Kppg,, MUEGU

MNauMIf (26) drsritwimindanleesnsmunesalasnsyud Yo bRBTRZYI N
sanuene93euarasnuuAReEIw G, ﬁmmnni’lmé”mwmzrmamﬂmaai:uuﬁ'sxq

G fithuanudien (sl >1Glug ) laufdaasms roll-off 1Uszunni 20 dB/decade [28-30]

=

A v o
Fauaaalaaasla

U

Magnitude (dB)
Honnmavlog

& al
NYIUNNNDAL

......... sUUiIzy G

Aoy
ILVVNNTUFIU Gy

0dB

P Frequency (rad/s)

a

30N 6 danvnssendavedsuufivadugu Gy uszszuuiiszy 6

3.295nasawn1a (PSO)

) 9

3% Pso ldiiauaiuaisusnlay Kennedy uaz Eberhart [31] il .. 1995 491650159
U”uma‘laammanﬁnsmmsag;'nun“’mﬂuna;umaaz«?@f \pu goun wiagslan iudu  daumay
‘lugﬂﬁ' 7 3% PSO uiEmsmafinanzan lasandumIduniuuunguyszsans (population)
waazadiun 13ond aumea (particle) ygnansniadonshodumile agbmﬂf:a:ﬂud"z
nuilungu u,a:ﬁu,aQlumaumﬂﬁﬁaamsﬁum luszmwﬁmfmwia:agmm:mﬁlausﬁﬂ

114553 |,



G la s duNITANIBIE IR UIVDIA DY LLa:v"hLmuwaoaqnwa'lnéﬂﬁmﬁﬁmhumuﬁ'z
“ o a “ a . 'Y ° Aad A o 'Y o A
W ltufiamanisiadautida i wmw:ﬂuwnmmanmﬁqﬂ TIDNLAUNUAIAINLDI K30
aypmalndlfoy wazds PSO Himansnfianihlyszyndllunujudlaing uaziigmanwu:

M3gimIAIA8Y (convergence characteristic) uazUszEnEnwueInsfmwIAGNIN

3 ar ~ J -
3UN 7 ANMI uazuwIfaNUM093T PSO

13.2.1 avasznaupasls PSO

NuazldoavaIaInliznauis PSO Ao laassalud
AUA LW

@ (dimension) UANVAUIVATIH BINITAURY

i)
X, :(xj',,xjvz,...,xj‘g) WU BIBRMAT |

'
~

v = (Vv 200, ) WnuEATIANNITIEIMTVARMIAT 4
pbest; =(pbest;, pbest, ..., pbest, ) unuduniadnganidunanusaseumMan

9 1

gbest, Lmuﬁnmuwaaagmﬂﬁﬁumﬁmau"lﬁﬁﬁq@mnm‘l,mﬂﬁwm

AInuMIIasuaNuLsH UBAUNINTDILARZD RN RUTDAIWIT AN

vs.’;) = a).vS."‘)g +cprand ( )( phest ; , — xS'I,)g ) +¢y.Rand ( )( gbest, — xs.',)g ) (28)
xs-”;) = xs-'”)g + vg-'_:) (29)
Tani
n fin wruaymalungy
m Ao Al
1 fa asafvmsdum (iteration)
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A . < P a o
A anuiiwesauman Tusaud ¢ laph
min (1) max
V <vj g < V _
® &o uiniaatinminanudas (inertial weight factor)
¢, c, A8 fdadNUaIaaIINI (acceleration constant)
rand( ), Rand( ) @ shfildanmsgulugi [0,1]

S’?g fin dumiseniusasauman ; luseud

dn v lflumamdenuazibaevssdiaay ﬂ”ﬁﬁﬂ'ﬂmﬂLﬁu"lﬂa:ﬁﬂﬁagm'mﬁumuﬁﬁmuﬁﬁ
figaly uddddfamfnldfasszdumlinsauaguinldlddmasuilid dmiuannsmesay
WNUED V7 aasazinnuadnlszanm 10-20 % vesraanisitasuntaslusandsudazan

Aeafl ¢ ez ¢, unwhwinraIrNUTITBILARZIRMARUGINALY pbest URE gest 67

"', daafinly 'Lummmumﬂanmamnmmuuﬂmmzmawa snuausaraudathmng ue
l

mummnmuvl.ﬂnm% U%“IJ"I&IU_]']%&I’]FJVL'IJ muum q WRT ¢ IMNNIINAFBUVNLE ﬂ’]i@ldvl,’l

NMSABNAT o DRVIZRNI W LE9N

Omax — Prmin
: D= Wy ——22% TR jror (30)
' iteFay

laprliudai o fimanzeude o, = 0.9 Usz o, = 0.4

I
i & o A a
312.2 ABADBNIIANB I EJ\‘]’!%. PSO

3 (7
A a o F=3 ad

sufvutunanmidnfineueedit  PSO LLamvl,@T@”agﬂﬂ 8 THADUNITE R U UV 3D
PSO 8511 ol enasialail
ﬁumauﬁ 1 tnadnieefsudunInuauay PSO LLa:ﬁﬂmsqimhL?uﬁumaﬁﬂmu
Uszrnsasudazeymea Taugasn iteration = 1
fumauﬁ 2 v‘hmif‘hmmm@i’lwniﬁfui'@qﬂimﬁﬁm%”uLwia:agomﬂ
ﬁrumauﬁ 3 ﬁ'}mst,ﬂ%'smLﬁm‘uéhme@ﬁq@ﬁﬁummuﬁmamda:agmﬂ ( pbest ) uazLRoN

o

mLmuwaaagmﬂﬂﬁumﬁmau"l,@i”ﬁﬁq@mnagmﬂﬁwm (gbest )

Ce—

uaanil 4 miananuidmiteumaudazds 1Inaunsa (28) uasinmifsudumni

1

|
maaaummma 1 Tapldaunisf (29)

"B%GIE]WYI 5 1R wusanlunIeum laneaen iteration = iteration + 1
TWAEWT 6 GIS’Jﬁ]aElUL\‘IE]uvL"JJﬂWi%f.lq(ﬂ@ﬂLuuﬂ’li Fasliassaudanly hunsuldvidunaud

2 LATeI39au LSE)%\IL"IJ lﬁ% ga dLiiuns
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Ay
ITHAU

o Y a da Y o
MHUAMWININABIBNAUNINAYRI PSO
pazmmIguaBuduvessulszing
YR WADZBYN A 1AYFIA iteration = 1

>¢

o 3 A Jdar o 4
mmsanoummifanduinglszasn
fMmSuunazoun

)

mnsnReusudunistngaifumumdivewnazeymn
(pbesd) Uaz1a0NA WHIIVBIB YN INTIRUINMADY

e o
TaaRgavineymananua (ghesr)

;

MOATIANMTINMI VL UMAUADZAI DIDTUMIN (28)
nazmmsnlasudunuaveseymanaazd Tnaldanmsii 29)

:

NS HIUTe Ul UNSAUNI TAafian iteration = iteration + 1

IUIUIBY >

SUIUTPVINNNGA ?

gﬂﬁ 8 TUNUNTANARINUVDIIT PSO
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4! Han15IadINIIRBNANNDS
i

: ﬁﬂmammm‘hﬁagﬂ LLazgaﬁqmaowwswﬁmai‘ﬁﬁwmsﬁum wazwIniieaiuesit  PSO

1 13
o o

$vua laast

Ky K, Ky Kyyrg €[0.0001 1000],a1,a2,a3,a4é[0.0001 100],by,b,,b3,54 €[0.0001 100],
Kp_pris €[0.0001 1], K; i €[0.0001 1], Kp g €[0.0001 1], K, gg, €[0.0001 1],
pr_muge[o.oom' 0.5], K _psrug €[0-0001 0.5],Kp g5 €[0.0001 0.5],K; pg,e €[0.0001 05],

s : _ o _ _ _ _ .
rin e[l 4], MUIMVBIORMA = 50, TIUINTOUFIFA = 100, ¢ =2, ¢;=2, Wy, =04 UAZ

w:)max =0.9
L asnuaWsnTwi RN e et RN FNRIRNNNT
' 5 +48.9961 5+46.9839
Wy =910.9754=—"22" .. =806.7562° " 7027 31
MTis £+96.9381 " L5 s +93.9256 31)
$+41.9219 s +44.9197
W, =889.9907T———— | W, =886.956] ——— 32
| 5 s+90.9769 "~ ES4& 5 +95.9942 (32)
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It is 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 Kythnos Island 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
11]. To tackle this problem, the MG system [2,3] has been
widely paid attentions. The MG is a cluster of the DG units, DS
anits 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

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

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, S kW FC,
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 230 kW. Note that ES is treated as the load with
maximum absorbed power 70 kW. 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

)360:3199/$ - see front matter Crown Copyright © 2009 Published by Elsevier Ltd on behalf of International Association for Hydrogen Energy. All rights reserved.

10i:10.1016/j.ijhydene.2009.06.050
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Nomenclature fo system frequency
: d AP real power unbalance
M g?xcr-c;)gn 4 . Af change of frequency
i 1stn uted generation APyt change of MT power output
DS distributed storage
APgc change of FC power output

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

Pwp wind power output
Ppy PV power output
Pyt MT power output
Prc FC power output
Pes load power of ES
Pie tie line power

Xiie tie line reactance

APgg change of ES load

APy change of tie line power

Kemmis  proposed MT controller in islanding operation

Kpesis ~ proposed ES controller in islanding operation

Kpmrug  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

Kgs gain of ES

Trc time constant of FC
Tes time constant of ES
M inertia constant

D damping coefficient
Base base capacity

roviding the power to load based on the different power
emanding levels. In addition, the ES is designed to stabilize
ke system frequency and tie line power fluctuations. The
ower supply and demand balance control of the MG system
re carried out by CMS. However, due to the lack of power
apply from renewable sources, an MT is applied to supply the
ase load. Normally, the solar and wind energy are intermit-
int [13]. Consequently, the power production from WP and
V is jvariable. The real power unbalance in generation and
1ad [14] causes severe frequency fluctuation in the MG
/stem and tie line power fluctuation when the MG system is
pnnected to the UG. To alleviate the frequency fluctuation,
te MT is used to supply power for load change. Nevertheless,
1e MT cannot adequately compensate sudden load change

tie

and improve the severe frequency fluctuation instanta-
neously. This is 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 of 0.2-0.5s and 2.0-5.0 s, 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

CMS

APES

7
>

Fig. 1 - A microgrid system.
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Wwp Output

PV Output

Load Output

| AP AP,; Output
“ES
I AP, AP.. Output
—WAP FC
! ! . AP, AP,,, Output
o MT ~
: | AP, 4' AP, Output
{ UG

! Fig. 2 - Microgrid system diagram.

([|: 1S
|
x
|

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
I

«wresearch works do not consider system uncertainties such as

Ms+D

Robust controliers

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 (PI), 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 He loop shaping control. With fast dynamic control
response, the ES is applied to enhance the frequency stabi-
lizing effect of MT. The structure of MT and ES controllers is
a PI. 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].

&f

in islanding mode
A AP,
Kp stz + Ky yzis PR
§ Switch
Keym
W et
Kp gsis t Ky esis | P
s ] Switch
— K ]
Tess [5s Y —
#,‘APE.;‘)
o Mo

MTug

AP
—

Kp atrug + K; astug

s I Switch

T KI’JITup
K P_ESuy + KI_ESng APE“_"R
s Switch
KI’ES.‘
Robust controllers
in utility grid mode
Af AP, :(AI’;- )
UG

Fig. 3 — Linearized block diagram of CMS.
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Fig.E4 - Objective function versus iteration.
B

This pap]er is organized as follows. First, problem formu-
tionjis des‘cribed in Section 2. Next, Section 3 shows system

wdeling S;ubsequently, Section 4 shows simulation results.
nally, le'clusion is given.

300 400 500 600

i Time (sec)

700

C = mmepmy -

300 400
[ Time (sec)

2. Problem formulation

As depicted in Fig. 1, the MG system consists of the WP, PV,
MT, ES, H,T, FC, CMS, load, TR and UG. The MT is used to
supply power to the MG system when the WP and PV
cannot sufficiently provide. The ES is utilized to produce
hydrogen (H) as a fuel for FC by consuming some power
outputs from WP and PV. The generated H, is stored in the
H,T. Naturally, the power generations from WP and PV are
very unstable and intermittent. Thus, the real power
unbalance causes the frequency fluctuation. Moreover, the
frequency fluctuation under the interconnected UG causes
the tie line power fluctuation. To solve this problem,
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 10.4

10.2
10
9.8
9.6
9.4
9.2

PV output (kW)

8.8

8.6

8.4

0 100 200 300 400 500 600

Time (sec)

700

Q

Random load deviation (kW)

300 400 500

Time (sec)

200

100

Fig. 5 - (a) WP output. (b) PV output. (c) 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).
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3. . fozstem modeling
i |

The! MG‘ system diagram is depicted in Fig. 2. The proposed

‘oorldmated MT and ES controllers in CMS are utilized to

mmmxz}e :the feedback input signal of the real power unbal-

mceé (All’) in the MG system. The linearized block diagram of
:MS is shown in Fig. 3. The delay times of the islanding and
nterconnected UG operations in Fig. 3 are for every 5 and 4 s,
esplectlvely Note that the structures of ES and FC are high-

»rder oqels and have the nonlinear characteristics. Never-

‘heless, the frequency control problem in electric power-

:ystemsi d%le to small disturbances can be generally studied in
1linearized system [17,18]. Hence, the transfer functions of ES
ind| FC| are approximately represented by the first-order
ransfex] function [25,27]. Besides, the descriptions of WP and

rf'nodels‘ are explained in Appendix B.

Here! itis considered that the FC power output (Pec) is setto
\ constant value of 5kW throughout the test time period.
\ccordmgly, the FC power is not used for real-time control of

he power unbalance in the MG system. System parameters

Frequency deviation (Hz)

V)

0.02
0.015

0.01 £
: ; !

0.005 ‘Ajﬁi 4 (d
o [HeLAL/ TR !

-0.005
-0.01
-0.015
-0.02
-0.025
-0.03

Frequency deviation (Hz)

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

o
o)
=
=3
o
Q
m
2]
3
=
pes]
o
)
m
w

I STl

-0.01 3 ; :

-0.015 #ox

-0.02

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) Frequency

deviation under islanding operation with the controls of
CMT & CES and PMT & PES.

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

AX = AAX + BAu | B¢
AY = CAX + DAu ' @
APymis = Kpuris (S)AP 3
APgsis = Kpesis(s)AP @
APprug = Kemrug (S)APye _ (5)
APesug = Kpesug(S)APse | (6)
Kewmmis(8) = Kp_wis + Ki_wmis /5 4 @)
Keesis(8) = Kp_gsis + Ki_gsis /5 ®
Kemrug(S) = Kp mrug + Kimrug/s ’ O]
Kpesug(s) = Kp_rsug + Kiesug/s (20
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=ie line power deviation under interconnected UG

|
<pera\tion| with the controls of CMT & CES and PMT & PES.
I

T
'

here the state vector AX = [APgs APy, Af]T. APgs, APy and Af
«ce small 'changes of ES load, tie line power and frequency,
'spectlvely The output vector AY =[AP APy,]", the control
<utput sxgnal Au = [APyris APggis APprug APEsug] APymis and
ngs,s‘are small changes in the islanding operation of MT
atput and ES load, respectively. APyyg and APgsyg are small
«anges in the interconnected UG operation of MT output and
.load respectlvely Kpmis(s), Keesis(s) and KpMTug(s), Kpesug(s)
<€ the proposed MT and ES controllers in the islanding and
-terc'onnected UG operations, respectively. Note that all four

ntr<!)llers are performed in the interconnected UG mode
“hile KPM—ns(s) and Kpgsis(s) are operated in the islanding mode.

1e system (1) is a multi-input multi-output (MIMO) system
wd referred to the nominal plant G.

The proposed robust controllers are implemented in the
VIS ’whlch‘ consists of the robust controllers in islanding
1ode! (Kpmris and Kpesis) and the robust controllers in utility
id mode (kpmg and Kpesug) as shown in Fig. 3. In this paper,
1e MATAB program is applied to develop the off-line
arameters tuning of the proposed robust controllers based
1 the fixed-structure H., loop shaping control. It should be
oted that the MATLAB program can be developed to on line

]

IAE

IAE
i
|
1

0 T T T T "
-30%  -20%  -10% 0% 10% 20% 30%

|DcMT & cES M PMT & PES]

b 2
1.8
1.6 1
1.4
1.2 o

1 o
0.8
0.6 T
0.4 -1
0.2 -1

o

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

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

parameters tuning of the controllers. Based on the systern
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: Kwi, Kwa,
Kws, Kwae [0.0001 1000], ay,az,a3,a4€[0.0001 100}, by, by, bs,
bac[0.0001 200}, vmine[l 4], Kpymse[0.0001 1], Kynmee
[0.0001 1], Kpgsise[0.0001 1], Ky gsis€[0.0001 1], Kpyrruge

Table 1 - Changed system parameters under islanding
operauon.

Kes . 70 . 80° .90 .-100° 110 -120' 130

Tes - 492 48 54 . 60 66 72 78
Kmr -~ .0028 .0.032, 0.036 0.040 0.044.0.048 0.052
M 7 8 ..9. 10 11 12 13
D ) 07 08 09 10 11 12 13
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Table 2 - Changed system parameters under interconnected UG operation

0.0001 ,O.?], Kimruge[0.0001 0.5], KpEsuge[0.0001 0.5], Consequently, the proposed MT and ES controllers (PMT &
G rsug€[0.0001 0.5], PSO sizes =50, maximum iterations PES) in the islanding and interconnected UG operations of
=100, cl =2, (2=2, Wnin=04 and Wpa=0.9. Thus, the CMS are obtained as

<ve1ghtmg functxons are suitably selected as

! ' Keuris(s) = 0.4300 + 0.6607/5 (13)
i s +48.9961 S + 46,9839
Marmid = 910, 97542, Wasi, = 806.75625 T 2255
M s+969381" ¢ 5 +93.9256 Keesis(s) = 0.4397 + 0.8951/s (14)
; (1)
| Krumrug(s) = 0.1493 4-0.3994/s (15)
IWMT.,l 889.9907%, Wesug = 886.9561%
: Ty Koma() = 01500 +0.3999/s (16)

In simulation study, the robustness and stabilizing effects of

dased on these weighting functions, the shaped plant G. can . .
J ghiting “dc s PMT & PES are compared with those of CMT & CES in CMS [15).

bHe established. This results in vy = 2.5849. The convergence

~urve of th[e objective function is illustrated in Fig. 4. tis assumed that the WP, PV and FC outputs and the random
1
16.2 ——— . ! : . : 10.2 : . ‘ , ' .
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" . . , v . : while ESs of both methods absorb power from the system as
100 shown in Fig. 6(a) and (b).
W\ In the islanding operation, the frequency deviation under
90 W only PMT and PMT & PES controls is demonstrated in Fig. 7(a).
Pur The frequency fluctuation is significantly damped by PMT &
- - PES in comparison with only PMT. This shows that the addi-
E PP s .. tion of ES highly improves the stabilizing effect of MT. The
frequency fluctuation with the coordinated controls of PMT &
60 PES and CMT & CES in the islanding operation is shown in
Fig. 7(b). The frequency fluctuation under the control of PMT &
50 PN S -—-- PES is lower than that of CMT & CES.
\\{Es For the interconnected UG operation, the tie line power
L e 1

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

Pur

75

B
| 4
35 6 e e ¢ bttt tniottsttt SB  Doel ok Vel o dedinih Wwann W bl
0 100 200 300 400 500 600 700
Time (sec)
S 5 0 O A, W CMT & CES = PMT & PES |

7

'

R e L

_6 1 1 1 1 1 1
0 100 200 300 400 500 600 700

Time (sec)

g. 11 - (a) Power outputs with the MT and ES controls
>nventional method). (b) Power outputs with the MT and
i controls (proposed method). (c) Tie line power deviation
ith changed system parameters.

ad deviation in Fig. 5 are applied to the MG system under the
anding and interconnected UG operations. From Fig. 5, the
ad demand is much higher than the PV and Wp power
oduction. Therefore, MTs in both conventional and
oposed methods supply the insufficient power to the system

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
deviationis 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 (APye)
under the WP, PV and FC outputs and the random load devi-
ation in Fig, 5 are determined as

700
IAE of Af — / |af dt (17)
0

700
IAE of APy = / |APg[dt (18)
0

Fig. 9(a) demonstrates the IAE values of Af under the islanding
operation while system parameters Ks, Tgs, Kner, M and D are
changed from —30% to +30% of the normal values. In Fig. 9(b),
the IAE values of AP, under interconnected UG operation are
calculated while system parameters Kgs, Ts, Ky, M, D and Xye
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 (Kpymis) in the islanding operation is accidentally
disconnected while three controllers (Kpesis, Kpmrug and Kpgsug)
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 Kks, Tks,
Kur, M and Xy are decreased by 30% from the normal values, D is
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 dampingto
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1egative "damping The negative damping can occur when the
iG system is operatmg at the unstable point. Simulation results
fthe power outputs with the MT and ES controls and the tie line
ower ﬂlxlctpanon are shown in Fig. 11.
Flg 11(a) and {b) shows power supplied by MTs and power
absorbed by ESs in both conventional and proposed methods,
espe:ctwely Clearly, the power outputs of PMT & PES can be
rontrolled effectlvely On the contrary, the CMT & CES cannot
nanage th’e power unbalance in the MG system. Fig. 11(c)
3xpla|ins that the CMT & CES completely fails to stabilize the tie
sine power oscillation. The MG system becomes unstable. In
-ontr:ast the PMT & PES is robust against system parameters
/anauon and controller outage situation. The PMT & PES
.uccessfully alleviates the power fluctuation. This result
‘onfiimns| the superior robustness and coordinated control

*ffects of PMT & PES over the CMT & CES.

[
[
5. Gonclusions

n th‘lis paper, the application of ES to enhance the robust
‘trequenc]y stabilization effects of MT has been presented. The
fobust coordmated controller design of ES and MT for
reqdency stabilization is based on a PSO-based fixed-structure
4., loop }shapmg control. With the PI structure, the proposed
cobust controller can be easily implemented in real systems.
simulation results confirm that the ES significantly improves
“he frequ’ency stabilizingeffect of MT. Inaddition, the proposed
“oordmated MT and ES show the superior robustness against

,ystem parameters variation and various operatlon situations.

||
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Apﬁenjdix A

The ;pro‘posed control design based on PSO-based fixed-
structure H., loop shaping control is described as follows:
|

A1 Loop's}:xaping
1=
i |
A pre- compensator (W1) and a post-compensator (W) in
ig. Al 3 are employed to form the shaped plant G, = W,GW,,

! ' Gs=WoGWy
I_|_f"—_ﬁI —— 1
: [i W1 } G : W2 j l
I L—— : |
| ] |
!

T i !

! |
I K= WK, W, ,

Fig. A1 - Shaped plant G, and robust controller K.

which is enclosed by a solid line. The designed robust
controller K= W;K, W, is enclosed by a dotted line where K.
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
Tejection, 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 systemn,
the weighting functions are selected as

Wyne 0 0 0
! EOf W= AT 0 B
M ERN 0 Wung 0 [° W2=I
0 0 0 Wesy

S+a s+ a
Waris = Kw1rbi, Wesis = Ku— bz

S+ a S+ a
Wyrg = Kwa ET b:a’ Wesyg = Kw4s m b4 (A1)

where Wyris, Wesis and Wwrug, Wesug are the weighting
functions of MT output and ES load in the islanding and
interconnected UG modes, respectively. Kw, a4, by, Kwya, aa, by,
Kwsa, as, b3, Kwa, a4 and by 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, a3 <by, az < b, as < by).

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

f— l Ga
3 ANs AM s ¥ Perturbed
| + |- | Plant
] |
| +0+ » |
| N S M S |
— o _ J
Au Ay

Robust controller

Fig. A2 - H., robust stabilization problem.



140

Author's personal copy

i
|
}
|
. INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 34 (2009) 7131-7142
]
]

I
ctori'zati;ori is used to represent these unstructured uncer-
mt1es A shaped plant G; is expressed in the form of
erahzed left coprime factor Go=M;'N,, when the per-

-urbe:d| plant G, is defined as

.= {v:(Ms + AMS)_I(NS.'*‘ ANg) : [|[ANs AM4])|., < 1/’)’} (A2)

‘here| AM; and AN; are stable unknown transfer functions
‘hich| represent unstructured uncertainties in the nominal
{ant G. The H. robust stabilization problem can be estab-
shed| by GA and X as depicted in Fig. A2. The objective of
wbust control design is to stabilize not only the nominal plant
but als]o the family of perturbed plant G,. In (A2), 1y is
xfined as the robust stability margin. The maximum stability
wargin in the face of system uncertainties is given by the
west achlevable value of y. Therefore, ymi, implies the
rgest 51lze!of system uncertainties that can exist without
-establhzmg the closed-loop system in Fig. A2. The value of
«in can be ’calculated from
wmin =| \/i +'Amax(xz) (A3)

l

‘here Am;x(XZ) denotes the maximum eigenvalue of XZ. For
iinimal s talte space realization (A,B,C,D) of G, the values of X
nd Z|are|unique positive solutions to the generalized control
l(gebl;'aic Riccati equation

Co
4- st*DTé:)Tx +X(A - BS™D'C) ~ XBST'BTX + C'R"'C = 0

(A4)

i
nd the ger{eralized filtering algebraic Riccati equation

|
4~ BS™IDTC)Z + Z(A - BS~'DTC) ~ZCTR-ICZ + BS-1BT = 0

! (AS)

'hertl!a R=14%DD"and $ =1+ D'D. Note that no iteration on v is
neede‘d to solve for ymin. To ensure the robust stability of the
ommal plant G, the weighting functions are chosen so that
0 <y,m,,<4o [23,24].

4 Gejnerate the objective function

In Fig' A1, K., can be determined as follows:

. 'w—lfx(:s) | (A6)

ecause W2_I the necessary and sufficient condition of the
sbust controller K(s) [23,24] is

! |
I -1
[k o Foxa e
|
ibstitute (A6) in (A7), that is

|

[{N;lK(;)] (I~ GsW;'K(s)) "' 1G]

<7y (A7)

<7 (A8)

herefore, the objective function can be defined as

i

linimize v, +

Hi}v;lx(s)}( GeW;K(s)) (1G]

(A9)

!

Subject to

Kwiamin < Kwia < Kwiamax, Q1amin < 014 < Q1.4 max,

b14min < b1y € brgmax,
a3 < b3,

Ymin < Tminmax; Q1 < by, az< by,

a3 <ba, |Glygy < |Gslagiss

Yminmin <

Kp wmismin < Kp_mris < Kp_mmismax,  KiMTismin < Kivmis

< Kl_MTis.max B

Kp_zsismin < Kp_esis < Kp_gsismaxs  Kiesismin < Kiesis € Ki_esismax

Kp mrugmin < Kp_mrug < Ko Mrugmaxs  Ki-Mrugmin < Kimrug

< Kl_MTug.max’

Kl»’_}:Sug,min < KP_ESug < KP_ESug,maxy Kl_.IESug,min < Kl_ESug

S Kl.ESug,max

(A10)

where Kw1-4,mins Q1-4,min» bl—é,min and Kwi-4,max Q1-4,max,
b1_4max are the minimum and maximum of the positive values
of MT output and ES load in the islanding and interconnected
UG operations, respectively. vminmin and Yminmax are the
minimum and maximum values of yp;n, respectively. |G|y
and |G|y are the open-loop gains of the nominal plant G and
the shaped plant G; at low frequency range, respectively.
KP_M'h's,min- Kl_M’h’s,mim KP_ESis,minr Kl_ESis,min and KP_MTis,max:
Ki_mris,max, Kp_gsis,maxs Ki_gsis,max are the minimum and
maximum of PI parameters of Kpyris and Kpgsis, respectively.
KP_MTug,mim Kl_MTug,minr KP_ESug,min- Kl_IESug,min and KP_MTug,max:
Ki_MTugmax» Kp_esugmax: Ki esugmax are the minimum and
maximum of Pl parameters of Kpmrug and Kpesug, respectively.

In (A9), the weighting functions are selected by tuning the ymin
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 the objective 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 particlesin
the group ( gbest).

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

Vis1 = W-V; + ¢y -rand, - (pbest - x;) + ¢, -rand, - (gbest — x;)

(A17)
Xiz1 = Xj + Uiy (A12)
W = Wiax — ((Wmax — Wipin) /it€Tmay) -iter (A13)

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

Random output fluctuation

LP filter

r
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PV initial output

Fig. B2 - PV model.

]
ml

mmbers o!f range (0,1). w is inertia weight factor. w, and
Umax are the minimum and maximum inertia weight factors,
‘espéctively. iter and itern,., are the iteration count and
~naximum iteration, respectively.
5. 'Increment iteration for a step (iter = iter + 1),
6. !When the maximum number of iterations is arrived,

i‘stop the process. Otherwise go to process 2.
ol

|
“\ppendix B
«n this Dalper, the standard deviations of WP and PV are
aathematically evaluated as [15,16]:

Pyp = 0.84/Pyp (B1)
Py = 07 /Py ' (B2)

whe WP and PV models [15,16] are exhibited in Figs. B1 and B2,
‘espectively. The WP and PV standard deviations in (B1) and
B2) are multiplied by a random output fluctuation derived
Tom the white noise block with a low pass filter in MATLAB/

SIMULINK in order to evaluate the random power fluctuation.
|
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4bstract— This paper proposes a new design of a robust
strol a!md :monitoring system (RCMS) for robust stabilization
Krequency fluctuation in a microgrid (MG) system. In MG
em, |the power sources consists of wind power (WP),
stovoltaic (PV), microturbine (MT) and fuel cell (FC). Due to
'y PV and load fluctuations, the frequency stabilization of
MS is performed by adjusting the power outputs of MT and
:trolyzer S)"stem (ES) in both islanding and interconnected
Kity gx:'id (l)pc'srations. The structure of MT and ES controllers is
propqrti(}'nql integral (PI). To enhance the robustness of
«<igned controllers against system uncertainties, controller
rametersTof[MT and ES are concurrently tuned by the particle
arm opt?m‘ization based on a specified-structure H,, loop
Wping| contrpl. Simulation results display the effectiveness and
sustness of the proposed RCMS against system parameters
riatio,n and §everal operating conditions.

| |
Index Ten"ns— Microgrid, robust control, H, loop shaping
1trol,i' pal;'ticlle swarm optimization.
| !

B

1. INTRODUCTION

“UII{RI%NITLY, the microgrid (MG) system which is
~a |cluster of the distributed generation (DG) units,
tribL|xtcd| ?'torage (DS) units and loads has been paid
lenti?ns r?und the world because the MG can be operated
fependently in an islanding mode and also connected to the
Jity}grig [l]. Especially, the MG is powerful to supply
wer to thef rural areas which are not still connected with the
ain [utility grid. In this paper, wind power (WP),
iotoyolta ici' (PV), microturbine (MT), electrolyzer system
S), [fuel cell (FC), hydrogen tank (HT), control and
onitcl')rinlg system (CMS), load, transformer (TR) and utility
id (UG) are integrated into the MG . The ES is used to
lsorb; the éower output and generate hydrogen (H,) for FC.
ormally] the power generations of WP and PV are very
termittent [as well as load fluctuations. Thus, the real power
balance of generation and load causes the frequency

1ctuatio|n ’problem. To overcome these problems, the

|
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supercapacitor or the dynamic UPS are considered to response
a sudden load change. However, the supercapacitor [2] is best
suited for short-term low power (< 100 kW) applications. In
addition, the dynamic UPS is suitable to response the rapid
load deviation in the short time periods. Also, the price of
dynamic UPS is highly costly. Recently, the CMS is applied to
manage the real power mismatch of generation and load. In
[3-4], the CMS is applied to damp the frequency and tie line
power fluctuations in MG by controlling the power outputs of
MT and ES. However, the control parameters of MT and ES
are separately tuned for islanding and interconnected UG
operations. Hence, the CMS cannot guarantee the well
coordinated control effect. Besides, these works do not take
system uncertainties such as the system parameters variation
etc., into account. Therefore, the robustness of CMS against
system uncertainties cannot be guaranteed. The CMS with
coordinated controllers with high robustness is expected.

To tackle this problem, this paper proposes the new design
of robust control and monitoring system (RCMS) for
stabilization of frequency fluctuation in a MG system. The
RCMS is used to control the power outputs of MT and ES.
The structure of MT and ES controllers is the proportional
integral (PI). To enhance the robustness and well coordinated
control effect of MT and ES, the particle swarm optimization
(PSO) [5] based on a specified H, loop shaping control is
utilized. The normalized coprime factor [6] is applied to
mode!l system uncertainties. Based on an improvement of
robust stability margin, the PI controller parameters of MT
and ES in both islanding and interconnected UG modes are
simultaneously optimized. Simulation results demonstrate the
superior frequency stabilizing effects of RCMS in comparison
with the CMS in [3-4].

II. SYSTEM MODELING

TR
ea" * we ““i
% HHH] Py Load Fuetory

@ M7

()

pa—y
ROCMS

| R
£ ;] " m‘ ".rc
»r

Fig. I. A MG system.
In Fig.1, a MG system includes the WP, PV, MT, ES, H,T,
FC, RCMS, load, TR and UG. The ES is applied to consume

. Building-




power output and build H, as fuel for FC. The MT is
1 to supply power to system when WP and PV cannot
quately pfojvide. The WP, PV and load fluctuations cause a
mmuency dévfation problem. To stabilize MG, the RCMS is
«dto rlt‘ummxze the real power unbalance of generation and
i (AP) ”Ihe block diagram of MG system is illustrated in
2. Syste'n parameters are given in [3-4]. The linearized
<k of ’RCMS is shown in Fig.3. Note that the gain and time
«stants of FC are given in [7]

| : = +*

MT
i ‘ RCNS 5 -

Fig. 2. A diagram of MG system.
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From Fig].3, the linearized state can be expressed as
! - .
N AX = AAX + BAu (1)
) i
b AY =CAX + DAu 2)

' : APyis = Kppyris(s)AP (3)

: APy = K prsi(s)AP C))
l . APyvirig = Kprrug (s)AP,, (5)
! | AP, ESug =K PESug( )AP;, (6)
f f Koy (s) =K mris YK s 8 @)
| | Kpggs(s)= Kp psis+Ki gsi /s (8)
. ! KPMTug( =K mrug KL g[8 9)
‘I Kppg(8)=Kp g + K1 gsug /s (10)

where the state vector AX = [APgs APrc APy, Af]T. AP,
APgpc, AP;, and Af are changes of ES load, FC power
output, tie line power and frequency, respectively. The output
vector AY = [AP AP,;e]T, the control output signal Au =
[APMTi.v APESi: APMTug APESug]T- APMTis and APESi: are Changes
of MT output and ES load in the islanding operation,
respectively. APy, and APy, are changes of MT output and
ES load in the interconnected UG operation, respectively.
Keumis(s), Kpesis(s) and Kpyug(s), Kpesi(s) are the designed
MT and ES controllers in the islanding and interconnected UG
modes, respectively. Note that the Kpy7i(s) and Kpggi(s) are
performed in islanding mode while all four controllers are
operated in interconnected UG mode. The system (1) is a
multi-input multi-output (MIMO) system and referred to the
nominal plant G.

11I. THE PROPOSED METHOD

The proposed method is described as follows:

A. Formulate the shaped plant G,

Robust contruber
Fig. 5. H, robust
stabilization problem.

Fig. 4. Shaped plant G,
and robust controller K .

In Fig.4, the shaped plant G; =W,GW, is enclosed by a
solid line. The proposed robust controller K=W,K, W, is
enclosed by a dotted line. X,,, is the H,, controller.

B. Selection of the weighting functions

The shaped plant (G;) in Fig4 can be established by
choosing the weighting functions as

Wysris 0 0 0
0 Wi 0 0
n/l - ESiy ,W2 =7
0 0 Wiy 0
0 0 0 WEsig
S+a S+a
W, =K LaWoo =K 2
MTis Wi +b| ESis w2 S+b2
s+a S+a
W =K "W = 2 11
MTug = B3~ s+b3 ESug ’“s+b4 ( )

where Wyg, and Wy, are the weighting functions of MT
output and ES load in the islanding mode, respectively. Wi,y
and Wgg,, are the weighting functions of MT output and ES
load in the interconnected UG modes, respectively. Ky, aj,
by, Kws, az, by, Kys, a3, bs, Ky, ay and b, are the positive
values. Because the peak of resonance is in the low frequency
range. So, W), is set as a high-pass filter (a; < b;, a; < b;, a3 <
b3, ay< b)).

C. Evaluate the robust stability margin of the system

In this work, variation of system parameters, generating
and loading conditions etc., are defined as unstructured



<em bncenainties. Because these uncertainties cannot
clearly répr:ezsented by mathematic equations, the coprime
‘orization; is utilized to represent these unstructured
ertamtles A shaped plant G; is expressed in form of
malized lleﬁ coprime factor G, = My 'N,, when the
-=urbed plant G, is determined as follow:

o ]

J
G, =|:{(A'4x sVy} (12)
I ]

«ere AM; and AN, are stable unknown transfer functions
ich répresent unstructured uncertainties in the nominal plant
The H robust stabilization problem can be established by
and X as shown in Fig.5. The objective of robust control
ign is to stabilize not only the nominal plant G but also the
iily of perturbed plant Gy. In (12), 1/y is defined as the
ust stability margin. The maximum stability margin in the
«¢ of system uncertainties is given by the lowest achievable
jue of v.| Therefore, v, implies the largest size of system
,ertamtles that can exist without destabilizing the closed-
«p system in Fig.5. The value of y,, can be easxly calculated
! |

m
! ! Y min =‘V1+}"mm(XZ; (13)
«ere kma,!(XZ) denotes the maximum eigenvalue of XZ. For
nimal ste te-space realization (4, B, C, D) of G;, the values of
and Z are 'ujnique positive solutions to the generalized control
«ebraic Riccati equation
(A—BS"‘DT'C)TX+X(A—BS"'DTC)—XB.S”'BTX+CTR"C=0 (14)
«d the generahzed filtering algebraic Riccati equation
(A BS"’DT c)z Z(A BS'D" C) -ZCTRCZ+BS'B" =0 (15)
«ere R=I+DD" and S=1+ D" D. Note that no iteration on
mis needt‘adi to solve for ¥, In order to ensure the robust
«bility of!the nominal plant, the weighting function is

wected 5(,; that 1 < Ymin < 4.0 [6].

Generate the objective function
From Fig.4, K, can be defined as
|
Ko =W'K(s) (16)
«ccause Wz = I. The necessary and sufficient condition of the
«bust controller K{(s) [6] is

Tojrent o

i+ AM, ) (N, +AN,):

<7y a7n
0
xbst.itute (16) in (17), the objective function is
[ I 1
il Mi!nir:'nize [Wl"K(s)](I - Gsz'lK(_;.))“liI G,} ] (18)
ibject to J
Kp.1_MTis.min < Kp,1_MTis < KP,I_MTis.max,
f KP,I_ESis,min < KP,I_ESis < KP.I_ESis.mm,
Kp,1_MTug.min < Kp,I MTug < KP,]_MTug.max:
KP.I_ESug.min < KP,]_ESug < KP,I_ESug.max (19)
7 MTissin @Nd Kpy prismar are the minimum and

'her;e Kp
waximum parameters of PI controller of MT output in the
slanding mode, respectively. Kp; gsismin and Kpj gsis.max are the
ainimum ‘and maximum parameters of PI controller of ES

oad, in the islanding mode, respectively. Kp; aprugmin 2nd
!

Kp.1 Mrugmar are the minimum and maximum parameters of PI
controller of MT output in the interconnected UG mode,
respectively. Kp gsugmin and Kp) g5ugmax are the minimum and
maximum parameters of Pl controller of ES load in the
interconnected UG mode, respectively.

E. PSO algorithm

The PSO algorithm [5] is explained as follows:
1. Specify the parameters of PSO. Initialize a population of the
particles with random positions and velocities.
2. Evaluate the objective function in (18) for each particle.
3. Compare the fitness value of each particle with it’s the best
position for particle (pbest). The best fitness value among all
the pbests is the best position of all pamcles in the group
(gbest).
4. Update the velocity v; and position of particle x; by

Vi = W, +cprand, .(pbest - X; ) +cy .randz.(gbest - x,-) (20)

Xjsl = X+ Viy @n
Winax = Win -
W = Wy, ——DX Mo (22)
ery.

where ¢; and c; are the cognitive and social acceleration
factors, respectively. rand, and rand, are the random numbers
of range (0,1), respectively. w is the inertia weight factor. w,
and W, are the minimum and maximum of inertia weight
factors, respectively. iter and itermax are the iteration count
and maximum iteration, respectively.

5. When the maximum number of iterations is arrived, stop
the process. Otherwise go to process 2.

IV. SIMULATION RESULTS

From (11), the weighting functions are properly chosen as

Wygp = 9109754538991 ) _ 806 75605469839
5+96.9381 $+93.9256
s+419219 5+449197

Wiy, =889.9907—————=»}§ =886, 956]——

MTug 5+90.9769 Eéug £95.9942 (23)

Thus, the shaped plant (G;) can be estab!ished. Because ¥ i
is 2.5849. The searching parameters and PSO parameters are
set as follows: K,,_MT,-,.G[O.OOOI 1],K,_M'me[0.0001 1],

Kp £5s€[0.0001 1], K; £gic€[0.0001 1], K, o/7,,[00001 03],

K 1rg€l00001 05, Ky f,,€[0.0001 03], K, g,,€[00001 0],

PSO sizes = 50, maximum iterations = 100, ¢, = 2, cz="2,
Vmin = 0.4 and w . = 0.9. Hence, the proposed MT and ES

controllers (PMT & PES) in the sides of islanding and
interconnected UG modes of RCMS are

0.6607
K ppzis = 0.4300 + s K pggss = 0.4397 + 0—839—51
0.3994 0.3999

K pagrag = 01493 + » K pgsyg = 0.1500+

24

In this simulation, PMT & PES in RCMS is compared with
CMT & CES in CMS [3-4]. It is assumed that the MG system
is performed under the WP and PV outputs and random load
change in Figs.6—7. Fig.8 shows the frequency fluctuation
under islanding operation. It is found that the damping
characteristic of PES and PMT is lower than PMT & PES.



tie line power deviation under interconnected UG

| wration is illustrated in Fig.9. The tie line power oscillation

'ES and PMT in Fig.9 is higher than PMT & PES. These
~ucate the well coordinated control of PMT & PES.
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Fig. 6. The WP and PV outputs.
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_Fig 7. Random load change.
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Fig. 8. Frequency deviation with islanding operation.
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Fig. 9. Tie line power deviation with interconnected UG operation.

In the case of changed system parameters, it is supposed
[omat the MG system under the WP and PV outputs and
[smndom load change in Figs.6-7 is unstable since D is changed

om 1 to -0.158, Kz and M are decreased by 20%, Trc is
icreased by 20% from the normal values. During simulation,

is assumed that the MT controller (Kpyryg) is initially

- wperated under the interconnected UG operation and suddenly
-isconriected at t = 250 s. Fig.10 shows that the FC power
sutput of CMT & CES drops to the minimum power output.
n contrast, the FC power output of PMT & PES is more than
"MT & CES. Note that the minimum and maximum power
>utputs of FC are 0.02 and 0.05 kW (p.u.), respectively [3-4].

Fig.11 exhibits that CMT & CES fails to suppress the tie line
power fluctuation because the PI control parameters of MT
and ES in CMS are not designed based on the system
uncertainties. On the contrary, PMT & PES designed by
taking the unstructured system uncertainties into account is
greatly robust against the system parameters variation and the
controller outage situation. This result confirms the superior
robustness and coordinated control effect of the proposed
RCMS over the CMS in [3-4].
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Fig. 10. FC power output (éha};géd system parameters).
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Fig. 11. Tie line power deviation (changed system parameters).

V. CONCLUSION

The design of RCMS for MG stabilization has been
presented in this paper. The PSO-based specified-structure H,,
loop shaping control is applied to concurrently adjust the PI
controller parameters of MT and ES in islanding and
interconnected UG operations. The designed PI controller is
highly robust against the variation of system parameters and
easy to implement in real system. Simulation results confirm
the superior robustness and stabilizing effect of the proposed
RCMS under different situations.
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