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ABSTRACT

This thesis aimed to develop and design control strategies for power electronic
converters in distributed generation systems, specifically designed for islanding
microgrid systems. The proposed methodology employs a non-linear sliding mode
control (SMC) approach, specifically utilizing the super-twisting algorithm (STA) for the
regulation of power converters in the grid-supporting grid-forming (GSGFmM) mode. A
cascaded control scheme with an outer-loop voltage controller and an inner-loop
current controller utilizes a STA method implemented in the synchronous rotating
reference frame (SRRF). The main advantage of the proposed sliding mode control
strategy based-on the super-twisting algorithm. (STA-SMC) in the cascade control
methodology is its simple structure and easy implementation. The Hardware-in-the-
Loop (HIL) testing under normal conditions typically involves analyzing both transient
and steady-state behavior while supplying energy to the load. The stability of both
voltage and current is compared between the two control strategies. The experimental
results provide confirmation of the control performance of the proposed control
methodology based on the STA method. The results demonstrate that the STA-based
control methodology effectively regulates voltage levels and minimizes fluctuations,

surpassing the performance of a classical Pl controller.
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nAMAniaTuazAmaslnfaiioudnsds ( P* uar 0*) Iastwmsiuauseiuly
WU d (V) ADULIDST LABT NI UU Grid-Feeding luanunsavinaululnuauendidasy
(Islanding Mode) a1luflnauliasines A8y Grid-Forming 13 WUy Grid-Supporting
vie iedesiuidalniivddlasiadeusesglussuudmivvimihiieununeundganssiunas

anudtrnuLedlulasnina

DG

I
J=)!

AC micro-grid

us
PCC T

PeoT]

Current controller Power controller

UM 2.2 lassasnenismivauiugilumeunesinasmauuy Grid-Feeding 3 e

2.1.3 N13AIUANABULIBSLADSANAIUY Grid-Supporting

ADULIDILABTANAILUU Grid-Supporting %QﬂaaﬂLLUUTﬁﬁWMﬂWﬁﬂaUQMLL@@J‘W%@@
gaausauszuUlii £ @1nn1stnefidsiniiiatiow) uazanud o @1nM5Tefaslnih
939) Usganganlunsiawveduluunuendidase vie Iumﬁam&iaﬁ’mzuﬂﬂﬁw‘fuagj
funisfanfugremdelndui eliiAnauannavesfidsluia n1sAIuguLUY Grid-
Supporting &nsumpuadnesAdiEsauteendu 2 wuu Yufide n1sAuAulyAv

v uurea1euseiu vie nsmvadliviminiiduuaienssua duduunasang
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LS UALIHNABURUAUTF19z s ooy NTuTU99s widnduwnasdienszuan1iosing

o

duiiunudgeriorunuiuias Tursunesinesidauuy Grid-Supporting esadhilvidnisiva

' '
{ [ A

YBINTERATENTIABULIBT DS TIfiovuURY ondnifeanisivaiuveensenadniingy
Aoulnsaulglun1sAIUALLINNEALAZAINI LTIA LI MNAVEIADUBTINDS LasaunIs

voensUmeulvsadmiumuauaivesaIsiulnlninddasila dwaunsi 2.1

f=ty==k,(P=F)
v=y,=—k,(0=0,)

s

i PCC
v L / = Igr‘id/\ Va - .l
666 l AC micro-grid T
C bus
T T 17

P = (3/2)V] cos Ap
O = (3/2)VTsinAg
P | Droop controller Q

7
H—H
peo’

—~oa{PIDJ—~ze— 3{PIDJ—5+v: |0 o

A' — Ly |
vn
b~ P Do

o

SUN 2.3 1A59a3 1915 IUARINUFI LYBIABULIBTNBT ALY Grid-Supporting 3 e 1o

Current controller Voltage controller

VAT TUN ATk 99U

dlodesuilevidnuaspounesmesmdaLuy Grid-Supporting aunsnTeglunguves
e Grid-Supporting e

1) pounedinesrdmuy Grid-Supporting Yiveiniluunasdneus s

1AS9EFNNITAUANABULIDT MBS MEIUY Grid-Supporting ﬁqgﬂﬁ 2.3 MIAIUAY
LB EuLUUNTLYeILE T eks Ui nszuaad ULl euse iUz Ul H A uA
Sufiuaudidonles Ssanunsndulsfagunsalnanienin (Physical Device) iousoszuring
VS| warseuulni vi3e Anednnduiunudiailounasidunuuunasdnansidusiegunis
AuANnsERanisly [5]

dmsunounefneifduuy Grid-Supporting sliaundsineussiuimiinuay

woundgausiukaraufvedlulania eihaululuuaeusedussuulniuagivue
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wensdase lnefilonndgavesusifulazanuiasiinsuasunlaseylugiuuaug azlsine
paen uituegiuasUneulnsafivimifiemuaunstehdsiwihatuasidsinihiaton Tu
Tassadensmunuiithiaueimasiwihaswazhddliiiniadioufineunosmesamnsndie
Fansnfunaldnnnisuauasissiuednmvesneuened dardilwihaTeduaman
nszwaluwnuy o wagluvhusaendumdsiniateudmnuannssualuuny g lnedwnau
fusussiulunnu d (vy) iesandussiuluin g Sewinfuaus (v, = 0)

2) PEUNBSMBS AU Grid-Supporting vhutiiiuuvasenseua

TassaduniseuaurauRednesiduy Grid-Supporting T duuvasdng
Aszua fagUTl 2.4 gauszasdudnde vimihfideradlwial fiulvandidesdeiululasnia
LAZAIUANLDINAY AYDILTIT UL WFUsEu Ul manuazlalasnia wadanis
muANsagUnsulnsagninyszgndtluniseuauaisuanidd suriadslniieTuay
Adsliadoussminsszutliiiiululasnia esnwiszsuussiuiazauivedlulasnin
Thegfieuinsgiu wurRandnuesngUaoulnsauiannindsuluunismunusieiied
(Self-Reetilation) vaaims erndnlniuuudlasfadidaudaiuszuulia 3 seunso iy
vioanmstnemaslihasedemsmuauminiveiussiue i Tuvuedlulasn3ndind
wafesamluntsdnoindsliiiaunindmsdsulasmsasvesmsunoulvsaviadnnsiiiy
msdeidalai dlassadawesduiiesineslusuil 2.2 iednsmenensureulnsanuy
deafuUssendldluniseiuauasuiiesiaes s dedulasadaelvaldwvsunismun

Bunedines [6], [7)sguii 2.0

AC micro-grid
| bus

PCC ]

Current controller Power controller Droop controller

UM 2.4 1A59a59N15AIVANNUFIUVRIADUNID MBI AU Grid-support 3 wla Lilevin

N LA EN TS
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2.2 m3InuAlkuUA3U (Droop Control)
AUFURUS ST e Sl 105 e TR LA was Sl nadeutuus s ulnin

aru1snasurgliineudlalaen1sAneinisiravesnidalwilussuu 2 U vees 09

o a

Andalnfwuudalasdatausanulassrisansdanidsdlnii Inamdslndindale wse

v
o o

maslufnewinaiidn (Terminal) vosasosrndalnindmivszuy 2 Ja anunsoTewdu

aunsly Faunsi (2.2) wag (2.3)

E "
PZW(XVSIH5+R(E—VC055)) (2.2)
E
=———(=RVsino + X(E -V coso 2.3
Q=258 ( ) (2.3)

4

5o 8 o smveanssiu vie griSendt yuids 9inaumsiidsliuieliisionisiins 1z
agtmualiusstudidavennissiudalifinifuissfuresssuUlnia gaussasdudnie
Foanslsiamuus sudaniiugud sedlsfimnuruussnhaiaisassdudaiid@yun &
ua ¢ denduvinuesanuAlsmvssissiuveaaiseinda i vihuiveussiuszuu
Wi 91nguil 2.5 nsdamdalniinveandsadidalniihazgndslgassuulyiinsediugs
(nnai 35 k) Tulasstgaedamdalnd delassasluiiusetugs (HY) Sasndauves
RAX et Femaneannudn ansdiunay ® Sedosnitmnuwden () dsduains
funuwesansdslisoninfn anaunnsil (22) way (2.3) Arddliiie3auayindslaiin

atlauivaannesaatudalndihaunsaeuduaunisie v fFeaunisy (2.0) way (2.5)

VEsino
Pa—Fr— (2.4)
X
2
(0] :LEW (2.5)
X
EZS V20
EZ0 VZ-6
Y
GRID
L

UM 2.5 insesindalniweusoiudaetiug (Infinite Bus)
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oauNAlFIyNreILsR U O TAtasun Al cosd ~ 1 uag sind = & A1NauN1TH

(2.0) uay (2.5) anwnsadeuduaumslalval saunsi (2.6) way (2.7)

o~ ﬂ (2.6)
VE
X
E-V~ Q— (2.7
E

aeduidslniinaiion (Q awisemuaulAvINNaAI IR UIENI LTI UTBATRIA LR
Tnwazusaduvesszuulnil (€ uag V) wagidalninase (P awnsonivaulaanyuves
w39 () layuvesusaduasduiugiuanudideu (sileudodu) wazilowdewduy

At ¢, Bind) fedunisit (2.8)
1
0= |Awdt =— | Af dt (2.8)
A b

iomevinusaufiures P asy (Uil 2:6) anmauduiusitlsiosuiglitrssuasaali
w3ostudnliiawuudslasdasusudismasiniiging M v3e Bendn Self-synchronizing-
torque nsasnulasednansinldiinnasivasuslaseua idaveaadas el
wuuddlasiiaudazda Mdsliifihatasinanuinndificmiuigsludsdnadtanutini
mswdsuawenniinelulassdluiigafaznaadudiadeluaniizah (Steady-

State) satiunudlvluaanazeshvziludndrusunsiudeuudamesiadnihase dagy

2.6

P

5UN 2.6 Anuduiusseving P uay O£ vesnsumeulnga
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a

13U 2.7 Tasstnegidhedsdretuiniaafudalnii 2 i1 defidadddlaignenugu
sensuneulnsa Tuannzasiiaiesiudalwiudagsvimiigomddlniminfuuasd
suvessfuFnauInandideidrfuta daduielvaniitasay (Common Bus) iy
Tuthasuusnusdiuvemdsnuaatiiazalulanesveuaioadudalnihuuuddasiazgn
waadundsnulwindenalianuiisovveddsineianas demnusisovvedlsinesiay
duusiunnuivesussiuending madsuidasmnussevvedsinesazgnasiaaotlag
Tnswlued (Governon) Fslddmiumuauszuunarlunsneuaussfielfisndanuniina
Tiuies sardalniuuudslasda daldfnsiundsaunisnaiielimiuiiiseues
Tamediiiud uagvinliraiananogseidowarssutasnaeduliiaios dnsvszuuly

@

Wagauad (afamdsagids) wasuadeuld (Mrdiniena) sswhidundanuidigeen

g
(Maslin) wazidlelnsvluueigaruauloy P-fa3U Asguin-2.6 1ieluleaseigeyluanis

Y
<

ANTNALYIITANUDANAY LALLD AAARNEINTEUIUNITUNILATINUAY

31]17'i 2.7 sy 2 Javedlassialnihussings (HY)

v
[

loyuvednsiuien (8) \unauaanesmaiudey Fdlaesungliluaunsn (2.8) ety

3

yosusstuvesiAsasfdnlifiuuudslastaainsomunuldlaonisiudouaiud delun
ndufudwalinsasuulanislvavesidslwinedwe nadesiudaliiiuuudslasiany
dndauvesalad Pf agd tpstude wanaiisn v aTldamudlunismusumsla
Y03ma #1939 dusu O-V agUgmianldlunisauguidslniiatiounazusedu n1s
ArUALsITuresad satudaliiuuddasdaaiunsailaainnisuiunszuaaing
auuulmannszsureddsines d1AUANLIIRUAIE O-V agUazdiesnuvaissn1nue sy
Tulassdhsuazdesfunisuvesnssuaseninuaiesiudalifivunslug Tulaseeveassuy
Srmiguunlngadufivnudseninuaiosiudaliindaduunudgeilivedetuns
Inaruvesnszuald wilululasnIadduiiuaudseninuumamdnlniwuunseaiseaud (0G) i

A1BuRuALGEn duseruusduauatldldvsiinaneiinniswnisvenseuaniunamin
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'
(3

wefiazflvuiaiundnfidaves DGs Aifleg 5 O-V aguidudsdestunisiAamgnisaldnuas
wouil dmsvlalasnialdfugiuaingunsaididnmsedndmadlumadenlosfuundmdeny
i Bunedines Hudu Tnsfidunedmesuniudlifauduiusseninanuiuasiidslnin
ssanfloutuiadasiudalniuuudalasida iieliAnmsvinnuegreiiafiosninues DGs 7l
mMadonsevatsmheTufulazszuumuauasihmiiisidunsielinsiausesndeon

Ay NMseuANduneswediofavifsunuunudnyue Pf uag Q-V asUunaulnsavoins

A aa & A

ruauesosndalwiuuudadasdadudnisniiiazausasnviatesnimaesnuiuas
w3aRuUnaRAILNISYIldesian sTmiuTteiaasllinsenine DGs dmsu PQ Buliedined

1nNRANAFURBUINIAAE faridu P waz Q) vt Vsl e fP) way Q)

2.2.1 n1saruaunadbilnvesduesinesalgaunaulnga (PQ

Inverter With Droop Control)
inseeidaliihazldnranisovvedamesidunuidunslsiiu P£ aguaoulnsa
uayNIneUsUBIaENalneRsIUATMAYe ST UY WidetinUszgndldmunuBunedinedas
ldanunsafmtamnd ididemnlifnwiends deiufsesldatnuivesssuulnilag
odumadengy (PLL) Wumandtoundulunisaruaunisviney dmsuduneiinesaiunsn
Usumsdreidalwi iaenndesldivudeaiu WensiwSouiouiusen smnudifnléi

19199 (ANUAUNAYT 0AINKALINSTIW) ha¥ENNITNNANAAANTAINITDTENLA Asaunsh

(2.9)

P(O=P (£~ )k, 29

o Py e Ardsliiinasefisnelasdunesines o maudnaaly (Set point) uaw kAo §as

venevesnsUaenlnga Seaziduiafmunnisaeidsliiiannuiotes wagnsiudeuntag
gearddlningse () axdwmalvimaiud () dnisdenulasennluse

o 0V agugnthwUszgndldlunsmuauduiesinesainsaililudnuuey

Wenfufunisauauidslniiaie lasldmstndusedunssgadouss (PCO) waztnun

Wisuisuiuussfug1eds Wemdslniadeuazgnuiulasnisiudsussdusznouves

Adsludaiouainnsenavedunesinesiasnisusumaslndnaisudaiuisad sy

aunsle saaunsi (2.10)

aN=0Q,-,, -V, (2.10)
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= & o w

e Q, fie Fddlwiasiouisne/Suandunedined a usssuiinald V., (Set point) wae k,
g n31venvesngUALlnIa Fadusmmuanistiemdsininadon ©) omadlni
afouuiouulasazdmalinssuuasunlamuluse
mﬁ’mmm?ﬂéfadwgmﬁ’faﬂuiwm%ammm‘v‘fﬂﬁmﬂ dlowFouifisufusdsingig
annsadaldinendt Jsfuanilfaininsruauazussiuiiinld a gadeuse (PCO) luszuy
msmuauiazldmadlaiiniauasmdsiniiatoulumsauauauiuasussdulniives

dunesmasvlaunasanensiu (VSI) %ie Vof duneswes (8], [9]

2.2.2 nM3muaNdunesinesrliauvaidneusiauiteaguraulnsa (VS|

With Droop Control)
n15yszeynd ldnsuppulnsadivsupiurud utios inesydauvasateussiuly
ANUFURUSLUUGEIRUYRY P Uar O-F AU fe3UR 2.6 weiilathuuseendldmiuny

(%

Suneaswesseninisiarniasiiiiaswagiaslidiadoweodnsua S suiieudiu

(Y]

fdsliihasuazidslniliadougignidunesinesannsadislf e imaainnsmuey
fadsliinetaagdidslninaiioufe anuiuazusidulniingnsds ammddy dwmsuldlunis
PuALBUeIARYITIN VS| vnaumieuituinTesdudslwiuundslasdaiidewsetuszuy
Inilnazausalsuduaunsmepdamansvainisrmunuseagupaulnsadmsu Vsl fs

A1 (2.11) wax (2.12)

¥t =4, wirll — A 2.11)
V)=V, —k(Oy— Onu) (2.12)

10 fn Veen k, uae k, Ao mmmﬁ'uasLmﬁ’ummng%‘aﬁwﬂﬁ, A8V 18Y09ATY
poulnsadmsumuRNANALazA1snTITBBYRsRg UnsulnsadiumunuLsadului
ANUANAU INTUR Py W% Qe Ain AIESITAS suazAndlnfiaiiougegauas Vs
[8], [9]

2.3 WUUIIABINITATUANVDIADULIBABIAIAY (Modeling Control of Power

Converters)

nmadtuldAueg1aunsnatevesssuulniinssiaady (AC) uin1swmuIAIY
welulafnsdsdnemdslfifidosida 1desnndseaniamiigedu anuaunsalunis
AIUANFIUTENOUMAY (PF) LLazmimsL%au‘[,w,ﬂ'umﬂ%uﬁﬁﬂmauﬁ’aﬁlﬁmqr"fu aazyili

Falg918 N AL uLaEAILT N B levasTEUU wanandnsasnastniiszesnielnaaznns
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Jeusaindesiudalniuvuddasiaszminslassglniineduaslnsnuvesnsidouanin
asanmITutaenadh (Dynamic) vessyuulniined luvasiiaeadaldinnnuenas
gndfinkaznisdnnmsiuidalniliaiou
naUseyndlderumanindeutunswamivesgunsaiansf sfaui Mas (Power
semiconductors), lalasTusiaiges uaztanansfsshuialuel Huwsidunsiaunfei
aumalulagvedlifinfdusedugs (High Voltage Direct Current: HVDC) Fadumaden
dvsumsdeidslalii udegndlsimuAsafufumeluladsineg Adssensiamuney 1wy
nsUulgauRstunsdauennisAulninseuanss (Direct Current breakers) oz 4u7n

1 & %
Ypagas tunu

Tl
Nij |
Phase
Reactor

Phase Vg ier

lFi]la
| Reactor

SUN 2.8 paulieswesmardauvasdsussiiunmuliiediveulemedd (DC Link) 53y

YagUunaswauiaesgunsaldtannsednd n1dy wwu Insulated sate bipolar

transistor (IGBT) kagA L@ N SIUR-Unved IGBT vilminmaluladindvsanaurias

[y

5 Q’Il @ 6 & A 1 1 A
LB UUAAD ABULIDTLADS TUALNAIR8LIINUW (VSO) K58 forced-commuted converter

o w

(FCO) Amuarsnsauiaiuays (Support) Adsluiinafiounaznisufridszneurids
(PF)

defiasannisideuloslwiinfdussiugauariinousdines 2 ¢ 1Wensosauivae
Adlaingg dwiluganisaifaasiuguesreunedwesideudeiussuudsd el
NITUARTILSIFUG FagUTl 2:8 90U 2:8 9enU ) Aeulie ey lauvasd eIl (VSO)

fiarududaszvotusaziuliied (AC side) Faazdrglinisamunuidudassvosrindalnii

o w

Skarmadlnitiaiion uenandusrarmeullosinesaunTau N MEdLASIE (Synthesize)

'
Al

iednmsanuaunaveussriulihauvaviloutuinsosindalniuuuglasdanliiius

[

W28 (Inertia-less) lnedliToulvin usesulnirndidudaszainnisuniedrenddy g

o

Ugynn (Disturbances) wayWoadNiAnULAMULTVDIENT VSC-HVDC
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Ps 5 Qs Pe > QC
ne= > I I <=

c
N Y @ Y N~

-
AC system . . VSC Average

Vs Reactor Vc model

JUN 2.9 lnezunsuiduifetuaninsieusovas VSC

2.3.1 Tuwanululied (AC Side Model)

n1sPAUANADUIDIIRETLUY Grid-Forming Liefiansanreunasinoiviauvasdne
Ll esseruszuU W eTr WS e nIme Sidause (L)) f;ﬁgﬂﬁ 2.9 ile3uenmesuseneu
F8 UGN Re Wasiamilensh Lo, RaaunIuiu 91Nl Teilagldng

LI UVDNADSABNS (KVL) 1ol AasnIswsefuyaInoulasmas saaunisi (2.13)

dl.
dt

NV R (2.13)

Tun1sIms e iansanseuy 3 wla auqa 9Inaun13n 2.13 anansaivashiegly
wAUM Y dgo 31nNM13lEn1TuUasve Clarke wag Park a1nd1d U Agun1sy (2.14) uag
(2.15)

Vig=Vou= R L= X I, (2.14)

prgd

KRR P, 1, (2.15)

7 Cq

inliAnMasgeduveinauInsings

P =-P, (2.16)
uarlsifnidsgadovesiueninodidonlos
P=-P (2.17)



20

W auIfnsauauukuuliadinieelieu (Voltage-Oriented Control : VOC) 11
Uszgndldlunisaivau asduaiunsaduinmainasiniiiswazidsliiadion da

s (2.18) uaz (2.19)

P :% oy (2.18)
3
0, ==Vl (2.19)

amaslnihadauarMasluiiaiiouningidnssuvansaimualaanszuuaIuay
N15eeMad (Transmission System Operators : TSO) asuunszuatdaundunldlunisaugy

(o 482 Je) AwruliRnaunIsn (2.18) uag (2:19) AIuSIADIANATBIABULIBS NS LD

i
a1 Y o

wUadlvieglunnunyunssauluunu g V., = 0) Ianviviugue aeuussdualdlunisaiuim

Y

aldanzusnuluwny d [g9eg19aen

Current v AC grid voltage
sd Feed-forward

dref . Controller

Active Power
Controller ~

1

P=V I +V.] ol |—
—» sd®d g q COW
o> 9= V:qjd _V"dlq L

I

q
Reactive Power =
Controller 2
5
O,er

Current

=]

sUn

v

2.10 lassasnenisaryauliasdinvessunutg Uiadmsumdaslninasauas

o w

faslnAadiou

2.3.2 ssuun1saiuauves VSC  lagldinugrunisaiuguuuulaaning

99158U (Control System of VSC Based on VOC)
TumsaeuausiionsysanmMsiuuvdmdsunaumuruaing Wedesnsideuse

AuszuulednIuNasAouesinesAalinune e lun sWaIuUsEaNS AT UUNT

muaﬂﬁﬁﬁumudﬁué’m?ﬁm Feaztawandgmsineg Mistulianas dothundsegndldiy

WHaInd Uy IBY (Renewable Energy Sources : RES) luunAduvna3vinisladnis
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[ s

ULaUeIEN1508NRUUAINSUNTAIUANABULIDTMBS 19U NISAIUANMEAIAIUANLUUNLD
(PI), M3AIVANLULTADITA (Hysteresis Regulators) wazn15mIUANLUUUTUM (Adaptive
Control) tudu wenaniinisinauswaiansmuauuuulidaduannsldfugiuves
Lyapunov kagd5 Backstepping lag ﬂ’ﬁmUﬂméf’JU Dead-Beat saufsAusudusonns
SinszeaLazusdy onaneuaussiwath Dynamic) fiAngaunn

uananiasnsmuRuifeggntautdiuAsune NS laLEsT B (VSC)
wazUssgnaldeuiussuuaedddninnsznsansadugs (HVDO) Wy n1smuaumdaluil
launsa (Direct Power Control : DPC) wagN15AIUANKUULINKDS (Vector Control) #1913y
m‘iﬂ’J‘UF]NLLUULLEJﬂaaiéJ’GU%NLLMIaSLLﬂu51ﬂ§<1 19U Voltage-Oriented Control (VOC) Tuiniu
Balastia (dg) ve Tuunumyu (@f) enslsimaluntsnuniliidlad Tassadrevodisn
AIUANKULRUUAE MU AIUANKULLINAEIAETUSINAUAIUANLUUTTD (PI) i
Tuingndnusisaiiaue lassadwnsmuauuuunnmesifioset o Sadududseney
ddnuarlasadmImuauUsznauig gunismuqunigtu (hszua) dmiuuiuiudelss
{AnensivingasuazgUm smuatmsuan (fdaluiin/useiu) dmsuusuiasuliiinaig
GHOG!

Taseasanisavauidsliiiasway Ml iadounaslasadisfugiusesns
ALY VOC guilslutnudalasida feguil 2,10 lesaeuauuuuiilevianinfiaiuas
aefUsENoUYBINSEIAS 198Ul d Uag g 9 nenaRsNa R sEdNeA fTElifireu
LeswesTieTstLarAiaalingreds vl sfaslifiaiael (Set-Point) uaslazaaianis

AUALAzUsENaUME 4 aU fewelull

Current v AC grid voltage

I dref - Controller Feed-forward
+ k.
= k,+—

Ay =y F
] Id ( — %
1 abc —i —i0 | ﬂl > 0 aref > aﬂ Krc{f
4] e J Coupling terms e’ S
af} | | Y— — % abc
]ﬂ s \ —l pref
0 === —

o 0
T — k, gref T
»?—» k,+—
h S
I Current |4
< Controller 1

5U# 2.11 TAseasensmuAunIslanivugIuresnsmuAuuy VOC lunudlasia
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1) gusmuaunsewaniuly (inner Current Controller)

dmiunaunesinesidsiudeuseiuliliod (AC side) anunsanunuldaingy
Arununielulagldimemuguuuuiile mnsuwvasdiauinnainvesnszuadudygo
us agudt 2.1

WazANNSVRIIAIUANLULTLD Aeaunsi 2.20

k, l+7.s
GP[:kp—'_?:kp TiS

(2.20)

@

e (k) flo M8MsesHINUALLUT Wag 7,/p Ansiivesiian wie AT veNsvesin
AIUANLULBUTINGA ()
Tugunismuaunszualdisnsauruueniudasesgninsnszua , uaz [, il
AL I US98 1D IAE LIS LABS AT UT Tee I (7L Vq@f‘lugﬂﬁl 2,11 a¥eiy
NnAesiawaIaveenszuatarilii dunsaeleuvesiinuatLUUTle faunsil (2.21)

way (2.22)

k.
I/cdref v (kp o'l ?)(Idref 'V Id) (221)

I/cqref = ( j(]qref q) (222)

Tuaunisn (2.23) wag (2.24) Usznaunig bsanuaadssuulidnflasunisdeuludnann

(Feed-Forwarded) dazduiiiiauled (Cross-Coupling Terms) s¥ninaniaadgunisniuny

aNa Yy

IG]EJLﬁiJL%’]I‘UL‘WEJ“UG]L‘UEJﬂSiLI‘VIG]ENﬂﬂiLLUﬁﬂﬁ@%ﬂmmu%yu

Vcdref:VSd—a)L] +(k +k)(1dref 1)) (2.23)
Voo =Vog T OLJ, +(k + )( oo —1g) (2.24)

2) Qﬂﬁ’JmUﬂuﬁﬁﬂWﬁﬁ’muaﬂ (Outer Power Controller)

o

lassasinisaivnugulnvesnismugumdalninasuasmdslninaiougniun

Uszgndlddmiumiuaumsuiedines dalunseuadedsdmiugunismiuaudnaly (y., iay
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o w

led) @30 WAL INg USRIl edslniinesawazidslniiadioud
Aourtesineidnglviuszuulniinanansauszanualagnsin (@ nussdulaznizia 3 Lig)
u 9aidoude (PCO) waziUFuifisusuanidslnines was Mdsluiadouddsly (set-
Point)

Asfnauladufimussgumsaiuauiadindinde drrdslwihidsly (pset point
wag Oset_point) asnsaimvualaainszuualuataisaaigslndii (Transmission System
Operators : TSO) nsdififesnsliszuulniiiediesdslnildtuandves vsC uslunis
AIUANNTEUE (I, wae /) deAmualinasdreniaelniiidunisdneain vsC inludaszuy
Iytfiied Fadudidsliiignasadmiulilussuuaivan (P uar Q. lugudl 2.10) Fagn

MIUANURANINNIS I aVBINTELE AIFUNST (2.25) hae (2.26)

Vi ke Current AC gri
) k grid voltage
4:?7 ky+ A Ly Controller Va Feed-forward
+
k
Vd . k » +-—L

N Vdnff

CEeT AT e, (W " i
-V T o ! aref cre
la *Val, Alave A1¥ o . C;L—r\ o af Ao
0=Vl AVly o[> 14 ] |HLOY 2 abc

Iy | =

pref

vy

==

Reactive Power

Controller gref

I Current s
@</ Controller

.
I
S
S
8
vy

y
sy

JUN 2.12 M3nIuRsLUUg U ussriuRduas Maslnialiowanniing1uvein1sniugy

WUy VOC Tuknu@lasia

R’Cf = _Pxel_point (2.25)
Qref = _Qsetipuint (2.26)

2.1) famuaumaalningss (Active Power Controller)
g NsIEN1IAIUANLIWULNATUUY Master/Slave (M/S) gniandszenaldlunis
PuAuABURsaslusEuUadliinAZusulunas (MTDO) lnedirauiesinesiiuiu

n #1190y warARWIBsIAGS n-1 f1 vihwmthfinrugumdddninasauasdedneuiesines
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'
=~ o o

NIRWIMTNAIUALLTIRULIRTAITUNTERAT1BY [y ANHN0AMIALGAINAIMIRS LT
33991517 (Set-Point) YaeABULIBSINBSIaVAA FagUT 2.12 sniiuananmauiasines (Slack
Converter) Fohmthfimuauusaiulnagduazlugunismivauayhausuiuvenisavay

gulanagimuanwuuiile faunsi (2.27)

dref —
sd

B‘ef kip
l, =—+|k +—+ (P, —P) (2.27)
v wog ref
2.2) msaupufmasiniiiasion (Reactive Power Controller)
n3U7 212 Tushueadediuainseiad 198 sluunu g g Aruinlaaindl
madlwiladioudneds (0. Weailunssudursinmsaruauulanaziiauauuuuiile
ldemunumsdeiasliiiaiounuanudesnsvedvanuazanunsadeuduaunisla

Feaunsi (2.28)

K.
&N (K <l Tl)(Qref ¢/Cl) (2.28)

Ipefifmdalniad ouaiuisanivauldinieund yavesusnussuuliia agelsiniy
gueuRulAvildInInsmMvuadInaaliitalions 198 (Q.,) Wiiuaumiuauiaslih
wilow nsvnemasliiatioudaaudAyuin 1HewINA NI NYITEAULITIAUYBITEUY

T lvasinazidsindnatiaumuinlaaneidiusenounas (PF)

1
I
il

- dref ,slack

Vd‘ slack k
i slac i
k,+—+
S
2 DC voltage
Vie.rer Controller P stack
21

deref

Lierer staci !

JUN 2.13 1AS9831904N15AIUANLSIAUAT

2.3.3 fnmIuANusIauUlAd (DC Voltage Controller)

1) M3muANLssUlNABLUU Master/Slave (M/S)

HlegnsiZnseuauuy M/S gnimUssgndlddmiumunuussiulnadlussuy
VSC MTDC wazsipsiinauniodinosuiasdmivrimihiiniueuussiulwid nmsenuguussdy

IAZaunsafiansaunlaenseannsewada8aluinu d (he) 303U 2.13 Asdiiwesves
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AmuANaINNsneNkuUUliINANTLduTesaun sAa i TunsauauusnulnAZasd
nalpemsssamnseualnfziuffe nsswastedlunny 0 (Igrey) $OENTELAONDY e @116
mArldnaunIzevaunaveafdsliin figuil 213 Mduiemuesuuuulelddmsy
SnwussulnAGvesalanaauasines (Slack Converter) AMNAD19DIUALENIZAIF VD
nseudlndd emidaluiddldannissnevesneunodinesseduidlulasnia (P

aa v a

warwsInUINATD19Darn 15 TaulUTNUT FNUATSU LATAINTELED19DIVDIALANADULIBS

WS FRENNIST (2.29)

Droop
Controller

+ 7 Current v AC grid voltage
sd Feed-forward

dref _Controller ‘

Active Power
Controller

~

P=V,+V,I

4 q

Qszqld_Vm[q ya

Q~¢ *

Reactive Power §
Controller

+

O

Current
Controller

af

5UN 2.14 mspaunubsulndgmenguaaulnsa

Ric slack K
| - > id.
[dcref,slack - 2V + Kpdc g - 2 (Vdcref - Vdc,s/ack) (229)

deref

W9 Pyesioq @un30m 1l n e ldAAInlansafd s wsa arliAnnaslniragdsainise

YR

AWINFRINAUTIFULAENTERAMULE WIATRIRBUIBSINDT Aaunis? (2.30) uag (2.31)

de,slack = 2Idc,slackac,slack (230)
de slack = _Pc,slack ==1V.,- Ichq (2.31)

WAENTEUADIDIUNNY o (g s0e) BWITOMIATLAIN @NNTSA (2.32)



26

21, Ly

[ _ cref ,slackac + q cq
d

Slack — 4 (232)

cd

2) M3muruLssUlnEgieazUaaulnga (DC Voltage: Active Power Droop : VD)

WomsmuauussuliATazfiansaamygnsisntenthunldlunisasuay wu ms
PuAuLssTUlIATMensUReulnsa (VD) 1leiinisUszandldnsuneulnsalunisaivauney
nefmeimanuauIzsznauiie 3 gunismuny AradlnihesedsBeaineduania
Inlihgegniineunedinosanningield uie mdslnfAdnaaly (Power set-point, Pdco)
uazAnALAnTaTEI AT U AT LAz AT ULNATARGLT (Set-Point) way
AUANMIEFM AU ANLUUARAIL (P) KagUTl 2.14 Ardidslaihdrsdeannmseunusiengy

v 9

moulnsa §agnnsa (2.33) [10]

R’qf_dmop . Pch + Kpdc (Vch a Vd) (2.33)
Tertiary Control
Secondary Control > Secondary Control

Prmary

Primary Primary

Cantral Control

Primary Primary Primary

Control Control Control Control

DC AC
AC i AC =
i PowerFlow
+ Measwement 1 De DC
; i AC AC
I_ - T =N o W b, S0 I_!. Az g SIS, | LR Y S :t ¥ it
I 4'] l“ o‘] l‘. o'l l\ I I P % :I_—lt‘ - * !
o Ny e, Gl e o ‘. : WN T ghad S ' [

JUN 2.15 Taseasteiugiureuadlalasnie

2.4 FFn1sauantadlulasnia (AC Microgrid Control Methods)
pruspan1sldndsulwih tinaulutegiudndussuarmuraandsaududnun
grelunisudnlnin wasunyuideunasngauniuden (Renewable and Alternative

Energy Resources : RES) gniunldlunisudalnfinunduiiesaindesnisanusunaunisld

v o 13 =

NHIIUINNATE LAET b UTLULNTUYAR AR MY, NI UANIUIALEN way fuel cell &

wunldulasuanudenlunisadnlnfuinduidesaindundsuazenliasiaanis Wi
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wanlsargnienlosdulassiglnihwundn (Microgrid : MG) dwsuliluguruuazidousio
Auszuulnia lulasnTausenoundy wrasedaluiuuunseatequd (Distributed
Generation : DG) gUnsalazauns 91 (Energy Storage Sources : ESS) LLasquEJ‘ﬂa’Nmi
muAu Migui 2.15 weluladvesgunsaididnunsedndidedauddgmindiviunis
Usudgeszuulviatuidet RES uar DG wdsvgndldou TasamzetiBuumAavedlulas
n3n Toefilslasniaaeifiudnenmldiussuuuasemueumiudaneulinesszuy dovun
99 RESs fuauuanesvastiihfindaldimueisud ndussuudody fafuliles
n3agninanldif eliiAnmumanganfignainnisin RESs 18 oustatd1iuszuulndi
uan91nil AuAeenTsaaAIwAIATlNHY A1uLal BT nINTBNIEUL LaENTIAIUALATIY
Songulfueassuvannsainlilaenslduwasvedlulasnia elilasninaiunsnidewsie

Yulsmeamsldmaluladansaumeaiuulvd (New Information Technology : IT) Tddwmsu

b

1

domstonanuivesnsuasiifeduniounaluladlasstne ihsaasey (Smart Grid) 49
gyl Bidnvseilndidwuasmeluladlassdnslnfidaieeyielvanudululalunis
Houlaesdslwiiinaalsan RES it fuseuuluihvdn dasudl 2,15 Bunefimesuas
poupsinegnitdmiudedlossening RES uavlalasnsa AvlapUnAud dunesines iu
yilauvasdneusaiu (vsh TngdasUaeulnsadmivaauauaisiing endnnisuesa sy
Aoulusaazefummaniussemismddlniiedafumnuinasidalwiiedouduus iy
30 QRISENIT P=w Uay Q-F a3U [6], [7]

53UUNTINNITNENU (Energy Management System : EMS) 910 DGs fp Usuiiu
yénfihaulalulilesninungiannvansuidefinistiaueides vinuivewmsuasulnsagn
T¥dmsumunuidsliiiiazaia siddlwiniaiounes DG wragmize masfiagueundga
voussfurzanauiolulasnindiemdsiniuing unuaufoimsvesinan Maanasves
Anuduazlssiutiornnaisdnsmatinignemwesionsuaaulnsa lasniaaiuisn
vanlulvunsnsmalufidliiulnantiesiu (Local Loads) wieidandn Tnun Islanding Tu
Tnun Islanding szuvlfmang ninnsidesenainlulesrsa frdulslasniavindifane
nanviesiunarauauatiosn esmNiuazsedit uonanimsvinnures EMS lululas
n3nanunsaaIUANNIsYaemdslnd el suld erruauusaulu e e lulng
Islanding uagnieurfurndnensueindfiintuanivaswuulddudadu msmuaunisiva
vosidlwihszmrilalasniauazssuulngh audesnisidilaiiiutusaslalasnia
Tanusadreiddduiliiieswesiorusens EMS asdsmaslninssuulnivdnid,
w891 lunenduiululasnieaiuisadreideluiinduid gz drlulasniad

o

fdslnWimiaainnisnelvan N158ea155¢1319 DG wiazuulgausavinlalaenisignis
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doansguaude SmunuideninisesuneieEsunIsAIUANYISENITIRAINUNITAIUAL

Tululasnsafinsvausraut1etios uduisaseinfiazyinliAnmnudladanisesniuu

'
a

n13AUANEIMSU DG NHFULUUTN

Y

wANE19TY saduluIne 1 DnusiIsdauawie i lang

v ]
o v o a a

gN53IBNMIAIVANL UL IRUTURAr oS UIBN1sAIUANTULAasa R Ul AnAULTTTR Lasd
mavielilinentinusife nsidilalunnsinvesnsaivaululainia Anuduiusiuudas

o

asutusutamseenuuulimnzandmsunisavaululasnie

2.4.1 gnsIsnmismuauadlulaniauuuaiduiy  (Hierarchical AC

Microgrid Control Strategies)
Tulpsn3adutinAndivsulasitnglnihawndniiintuannnisideslodluiiiingn
1PNV INGR UV AL VLSS NAIUNIIF NI Re uwazagfoIlinsmuANADUIOSA DS
w8 06 Ihvinued 1slaag vy Judde Tnua Grid-Feeding #3® 1vua Grid-
Supporting Tsslnnd a1 uanuazivad wasenfadiiulsaihumméndungdmsunis
deuloadulpsetrelifinawindn Wesannivuiaidnuazdnnsovenssiuaulsabninle
urnndlsswinvmenanslurnizifoafuaiinsad susolsvnanvesszuulninids
uenantulilasnsadanusadsusefussuUlnihdnasonaus lunsnanlnihogagy
whesiudalniindsuianseldfiasssnnnd Wudu nsiuesosindalndndluly
szuviargUnstiavaund s i da wdAshnlullasniame e i findnnwdseu
naunuluuesaaliguisandsaluials
dlowafusmnrasnsetusazauianmsinwetedlitasniafidlnuansieu

v Y v o

2 lnn Wudsifosfansandudinusiueg darmusdmsunismunuielifnatiesnnaes

£
v

wsaunezarmanelulilnsnsasissll

~ $hwnsvsunssusazama restutheilalasns avisiululuaad ouse
fuszuulniuagluue Istanding

CRES wae DG wavsaisndanfudiemdsihigiulnanluedlilasnie

- A UARAINAANTD (Fault) Tuszuuludavan lulpsnsansaanulazannis
Fewserussuulnivdnuasinaululvus slanding mniulilpsnisanunsandunideuse
ﬁ“uszwivxlﬁmé’ﬂﬁﬂm%uﬁasxwﬂé’ugjaﬂflazﬂﬂaLLam’lsﬁ’mu%ﬂuuwé’m‘f,uﬁ{?}

- lslpsn3nanunsamuaunisivavesidsliindian PCC Hidoudeidnfiy
syuulndvan

- lulasn3msndudesdl EMS dusuusmisdanisndsnulwiiuszdnsaimn

GG
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aufosntsfananiemuddguandtueenluduey fudisainisreuyes
lulasnda Mafugnsiznsmuguuuudduduresedlulasnindedanuddgunluns
muRuuarinwLaissnmetsulazauitulilasnie qwai%msmuamwuﬁﬁu%
dmiuiedlulasninusenausmy 3 d16u msmuqusﬁy’uﬂgugﬁ ﬂ’ﬁmU@m’T’uﬂqasqi wa¥NIS
puAuduiiany mamuaudusugivinthdeuguissiusazanud melulalasnia e
waumAgausItuLarar s dudosinismuaslugsivinnui 2 Tnn do nndouste
Auszuulnin uag Tnue Islanding ABULIBSIMBIMAIEY DG UAALMUILAINITAAIUANNIS
Fremdsiniiasazidclniinadeuldetrdassainnslddyanauswunarauisnsds
p3sgafinounosinesiniadeusonouiesinesidauy Grid-Feeding fisinsldnisemuey
sﬁy'uﬂgugﬁ 1 PV converters ag Wind converters #9Usznatsas quAruALLIafuLAY

a a

guAIUANNIZULA MIMUANTUNABNNAD ATANSAIUANEMTUYALYLULSIAULAZAIIUAT

C} Y
1%

Doy fensunefines iy Gid-Supporting 1dmsnrunuwy e gfiddnsuudlals
wssuLara AT denunnduAuAUnAlulalasndn mseuautuiiaugnianyszgndld
dmsu ems lululasnInuagauaunisinanesfndslnihiga PCC sie qaildoudoluss
szuulnivan

5108 (Primary. Control)

3 Y

1) msenuauduy

(% {

ADULIBSLA DS AA I DIWF AL AUILVDY RES U150 DG savuunulululasnIswaszyin

v A

mihiduunasgonssua ﬁ’smuqu%uﬂguqﬁ (Primary Controllen) siwit/vimunusge
fdslnihasaashaslniiadiouues DG uwiagmhelvmzauiiaalulilaania enfegn
11U PV converters sinululvsnRnansifndsanugadn (MPPT) ievenindenugeamiime
\waduaseningnants dslusnwasuuul PV converters fowinsululnun Grid-Feeding
vauzdineuminid PV converters annsnvihaiululvan Grid-Stpporting daludediduves
szuulnia ansviaululuua istanding veslulasn3a PV converters iWasunisyiauduy
Tvisia Grid-Supporting e nwiszulsatuntelulilainialiasiainnisaiuaunisdie
adlwihaswaridsliiaioutssmeuauiulgugfidddasunoulnsalunizemuny
TneiuguresnsUneulnsaszifeusuunismuameioaridalniuuddasda Woiedes
1l Lﬁmiw%f\h&Jﬁﬂé’ﬂﬂﬁﬂﬁqLﬁ'mﬁumm?{mmLmﬁmmﬁwmsamaa IuﬂWiﬂqUﬂu%uﬂgugﬁ
laisuHusioaiinsdesening DG ustagming insEn1smuAtulguglidmiy DG usagming
wmuAuuendaszaety fufumsmuaugnesniuuliivmnzantuuaamdnuililuns
Hasndslnih feeunedimesmadldlignamivaumensuaeulvsasazlulasninvinaiues
Tulyn Islanding Asunesineimdsgndnmsionseansyuulniivanuasvganisiau

Tngazndunvinaudnasudolulasnsavinululunuadsuseiussuulndn enudunusves
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o w

Adalui133e (P) dumud (o) wazmdalniiadou (Q) Auwseiu (V) feguil 2.16 310
AINAUNUSTENIN P — 0 ko Q-V @13n30ltasannudiasusanus1eddmsun1sniuay
n1elu (Local Control) 983uAazARUNBSADIMEY LHDAMUILAYLIIAUSNBIENITOT LY

Duaunisly daaunisit (2.34) wag (2.35)

w=w —m(P-P") (2.30)
E=E -n(Q-0) (2.35)

]
a v

1o " A AuRde3e
E' fio L3audnds
P Ao Maslnfine5991983
Q"fe Mgl natous1ada
Togdl m uaz n Ao ArnsiivosnsUasulnsalddmiuinuamiuainidssvesalalngy
aoulyisa faguil 2.16 annsodnaldnenuduiusyss. AP/Af Las AQ/AV oalad

voen3URRUlYITa m WaE a1nsavalesadl

AN N (2.36)
Pmax ~ L hin 2f)max
E-E" AE

n= = (2.37)

A
% £
AE ET55 A o=
| Inductive | Capacitive | Storage | Generation
! 0<0 0>0 ! P<0 P>0
= o > T >

JUN 2.16 ANUENTUSIENIN P — 0 uay OV vesnsunaulvsa

o Af uaz AE A9 anudkazlk s ulniniiuasunuas, P, Wag Qe A0 Nadbninaia

wagidalriilialougsaanansodnglivesudazaouiesinesings endleeugy dneu

[

nesmesmaliuumnesiuunasdtendanuwazaiunsadtaidalniiaseldaaavindu
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Pro dlaUvesngUneulnsaliavindum = Af /2P, #suil 2.16 azUneulvsaniuauli

v o

AOULBSWasIa TNt ei1dslninese (P > 0) wazmdslwilaiiou (Q > 0)
Turagimeiuasunssinesmassumashuiiainlalasnsnd nsusisanummas (P < 0) Aqe
wiuniy [8], [9]

2) M3mUANTUNABNil (Secondary Control)

a a

AaMIUANTUNAENT (Secondary Controller) VimtiiauALaligsn1MYaIAIND

LLazLLauwégmaaLmﬁuﬁﬁmiLﬂé‘auLuJaqmﬂmﬁiwﬁﬁqmﬁw%qLLazﬁﬁﬂWﬂWLaﬁau

fratuIndufoain1s@eanssening DG wrasviieiltoudaviavualululasnsa nisdeaisenu

1o
a o

AudagnunUsrgnd ldfun1smiuaudunisnd IensiaaeuLazAIUANABULESIAGS

AW avdn MIpvANTuRagiivmianusuamuaadeswesdlaUniuaoulnsaveens

'
=

muautulguadliminzan gsmnudsuwlawesalalajuasulnsailliniuainnisang

s 0 o ! o

mMaslivesnsuiesines Masdmwayliauduazieundgausaiuianasiesuuaine
Unid detiun1semualtundegiisvnsisdumiuiiasussnuvediulasnIahundisuiieuiu

' v v

AMHDUAZITIFIUD 1B ANAINAANAIPYNYNLYEAILAIAFUANLUY Pl IMUUFYg 1007 am8n

gnaslvifudmuANTUUgUYH (Primary Controller) fgn13A8a38IUANENAT LD AL

Y 9

[ a o

AMUDNLALLSIAUNL T UNALEAIUNR AITUN 2.17

Y U

DG”_—

Primary

) - L
£ ] "
' T
i sRAskas fi2 [ Pimary
el [ - T OtRess  Lasssecaagy Copt

UM 2.17 damuandunivgiveedlulasnIad s urnvunouniganseiulagAua f

WUy

- NIATUANAIIND

AUAY DG n15iUAsuLUans oL deauuannaA1unfdunau1aInnIsane

o w

maslni1e3dbiiulnan deunisarvaueuaunaveduanuaziasliinasfadui

AN sileauurasnud MsrvauiedAumNdAugAUNALdiAIuANLUY Pl Ing?
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nsilesuurasaufegluguuau Jusgiuteimunvedusarszuulii wu glsumile
fualii +/- 0.05 Hz \Jusiu dwnsulsemalnenislihdugiinig (PEA) fualiaiud
fimsaeuudadlaliifiv +/- 0.5 Hz 71rudUnR 50 Hz fMAjuAukuY Pl gniunUssenaly

dmsuauanaudndssuulinduAuganfuazaunsalsuduannsladai
* *
o0 =k, (0,;—0,;)+k; I (0,6 — @,)dt + Ao, (2.38)

{0 kyUay ky Ao A16nT19818U03F1ATVANLUUARE Y (P) LAZAIAIUANLUY
fuiinda () mamuadlvimwinduAugaunfaunsasiilalnsnisnsaduanuivedlalas
39 (@,;) Yradisuifieudoannudensds (o],,) Amiuianaingaenvesesinue
WU Pl (J@) uaz i A, 1ngudslesluledy nsdldililasniadeusofuszuulniiuay
madiaeiildainnisemuauarudgnddiiuimuaadulsugfifeusuuseuidsnsds
YadnFURaLINTa

- NIATUANLTINU

faRURLLUY Pl gnialddssudngnounagauosusadui asuitasan
msaneiddliiiasiouvesaeunesnesmasnszuaunisauauis iUl de auyl

v A1

néuAugenUnAviiudeaiumsanuauaid Wouswiulululasniedieumdgauand1sin
ussAuUnAfIMUANLUY Pl IxiimthiiunrsounagavesusinusazAn LR awana i L
vosusazmegnasludguinansnsmuanlagaglisruumadenisanuinududiu-de
Togadanani Fedunsniuauliueunagevetusstusazaruinduiuaniazannan

muaulUnieufulfuaraisadeuduansvesmsmunulsded
O =k, (Evg=Eye)+ ke [ (Epg = Ego)dt 239

il ke Uay kA0 AISAIIE18T097IATUAN Pl UATAIAIMAANAIAT IH2INANS
GmL%%Qﬂdﬂﬂé’qmimmwﬁguﬂguqﬁmm DG Usagniig
3) msmwgu%uﬁa’m (Tertiary Control)

FTUUNITIANITNGNU (Energy Management System) Wagannuuam19e 903
nmslvarestdsliihsewislalasniafuszuulnilmdnde wihiivdnuesmsauautuiian
delulasniadoslesfuszuulairdndudesiinisnuauduiiany evhmiAdadula
fmungaauveInisTemddliingmiu DG uiazmie dufunislvavesidslninly

Lulasn3auagiign PCC anunsamiuauls Adalnihannsaaielouseninsssuulnivdnuag
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luTasn3a Tasaruisaussananimdslniilaainaiiudenisvesivanuazidbnid
ansandnlaanndsnuneauny Welulasn3avhaululnuadeoudedussuuluihaunse
AvAunsravesmadnirlaainnisusuayamaluan1izarinasuounignveausaiy
aelululasnia Uﬁaﬂiﬂaumimaqmsmquﬁuﬁam é’agﬂﬁ 2.18 mzmquﬁguﬁam
anunsalalagnisnsrasuamdslniinaswaziadniiatouiilnanuaindnades (P
war Qo) Unieuiisuduaridlninadawazmaelninaioud19de (Pluaz Q)
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2.5 Tnuan1ssiaunuunendadassluedlulasnia (slanding Operation in

AC Microgrid)
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uwasdenszuauazinanianuasuidsinianssuuliimdn nsmuauiuuioundy
dusunisanemasluiiees DG weagulle amsavilalaenisiuseuliauseningeinied

Tn#11381939 (Real-time) fusmaslningnsdaviormaslnihfisenisdnewaziondnnann

NMIAUALAD AIUALAZLIIFUS9BY

. ko .
Oy =0g —| k, + 'S (R, —-F), (2.58)




aa

% klE *
EMG =EG_ kp+T (QG_QG) (2.55)

ilo @) uay E, Ao mnuikazuoundgaueansadiug1sds 4416010 PLL vosusaiunsagn
pcC, Py Op ko K E  k, uaz k , fio dsluihaTswazmdalniiadoudsds, o
§n31ve1evesiamIuANdudiings () veaniui uazusedulnin, A1dnsrversvengy
poulnsavierdnsvesvesimuURNLUUdRdIY (P) vesmumLRLazusiy sud sy
2) mamuaumaslinluluyauensigase
Tutsilalasn3svimihiisislnannelunieusndidaszainszuulni (Stand-
Alone) DG Wimsivisnaddshfialiiulvan dassiuiudismddlniaiuaiuseanisves
Tnanuagiielfiinanuanasynsaudesmsfumdstiinfinanls Tneflenfindslndais
warirddlaiiatioud o6 eliiulvanamsadsundasldnaeniuegiunudesms
vaslnanuazauasadowd uaunmsdmsuldlunmsaupunssismdslviuazaunusae

asUmaulngag §9@nI37 (2.56) L@y (2.57)

@="0\ H m{PS P\l (2.56)
E s B la(O050:)) (2.57)

) * * = ' =~ Y = ! a Y
Wow  E ,muagn Ao ABNNLAZUSIAULINTTIUNTRAIUNG, AN8R1V818YRIATU
raulnsadmiuaIUANAIND wazA18nTIveIevaIngUasulnsadInTuAIuANLT Y

AU AU Py W88 Qi AD AIMIEI LTRSS A A S il adlowgega N DG us

ArunUl8a1NN5aa ke [11]
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N15AUANLUVE AR lhUA

’LwﬁamwﬁwﬂdnﬁqmsLLuzﬁmé’ﬂﬁug'luLﬁméfwaaﬂ'lsmuqmt,uuala?i”ﬂwm
(SMC) 2uff8n1seeniuy SMC wardsnmanlunisan vise $1indlaywinisdu (Chattering
Problem) uenanifaziaussanas iuuasAsinauees SMC susufiascuncdiuuay
iiauetugudmsunadns Fmguives SMC luilesdu ionswamulunisussyndld
ol

3.1 suuuulaeialuvesnisarugsuuudlansvan

n1smUAuLUUAlaRdTn (Sliding Mode Control) tfuszuuaauauuuylaifudy
LU e Sunisiigaiudi il unagnsnismuauiiiusyansamdmiuszuuiidnig
Sraeslaianysaivdolidudedu Fudusifnadamadsnlurmemsssd 1950 auauli
laguruiigadsenisilawes SMC Aensldnisrmunuuuulaisoiios Ssadullunszning
Tnssasaszuusndlasaainsfunndnaiuogsdnay viddinisedeuiivesssuuyssiavilvad
Fona1 Tnuaniad ousyTusauuzInan (Manifold) 7 321 Aodnvmgian £ 4 109013
i sulvlunuginami v ldlrenisiddeundasms fnesuarasdenissunauann
mevonldedauysel SMC 1unidlunagnsisnisrausuuuunmu (Robust Control) @4
Taniuluguruid wnssenaliviusumesss uulunisied sufiwuuidsulna (Sliding

Motion) agdlsAmuauluiiusumsiiedu wWeilnisnevauesdaeulaisenin n1saun

d
(Matching) Hufie ayliiutusuazdsuelaeUsonsnieluresdaavodungniuny win
syuvmnliiueuilinsedulumindaniuy ¥30 (or/iay (and) WM3ndBuns uummng
SMC s1aldagliianansaldldlnonss saduluaosmeaissuiniua dniseduaunndald
Fnwnide SMC wpsstvuiianulsinuoulsinssiu (Mismatched Uncertainties)/mssuniy
(Disturbances) d4lusseizaoin SMC vevsuuBunmLREIE R UTiaeadiliuuuey (Uncertain
Second-Order) wipuAritlsiuduoulsinssdu (Mismatched Uncertainties) légnuniaueiu

'
a va o

Tnoii3delsEuaiunseanuuy SMC iilemszuuitliutuou Ssenulsimiueulsinseiuuay
fogamsluavindanuzivintu edamstudesidudounniu nsdiinnuliuvuoudld
pssfutuAsdosliifoaudluamindanusvinduusiduumindduns venaniinada
Integral SMC agniiluldlunisenuauetaunivans Tagldiiedamstuszuuitliuuoud
fianuldwdueuiilinsafuuazuuanie SMC 8ue lunmsdanistussuuiiliuduen [12], [13]
Tursaeanmsswiinuun SMC lisunisunldussgndldegeuszavanudnialu

[y

seuvUUanvainviany wu viusudniuaw taseadu el erueinia lassasiseinied
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a 1

Somgu uoweslalih szuundson uaziadosoudousud Tneialu SMC sfagdszauliym
f3und1 Usingnisainisdu (Chattering Phenomenon) duidudsilifisussasdiiosanitn
yiliinsmueslsiuaiug nsgyderniougdlunsasiiiiuasnisinnsegavestudiunaln
fiadoulm Jgvnsdu (Chattering Problem) Tuszuy SMC Sinnanmevdnderolud

1) msldimuauAdiafidsnsmsduiogudida deinliiAndiliFendn nsdu
Luuuengau (Discretization Chattering) Tunsnguiluusaladilivngauminefonnuinig
a?mﬂ?ﬁlﬁ?yuqm (Infinite Switching Frequency) Hissann1svaiuees SMC wuuiintuad
aelurrsmsdusiegns (Sampling) Aafinisadnddslslanunsaifuriandsvasmiuinisds
fhegndls TeagsiliAnniedy

2) laufindllfairauvudaestad dpsiivasnates duingnasiasluiuudaesly

a

9ANAR

3.2 Mugiuvguijves SMC

PsansruvliiBadusseluil

x@t)= f(x,6)+ g(x,)u(?) (3.1)

WMo xe R” Av anpesianUsaniuy (State Variable Vector), u(r)e R” Ao BUNRAIUAY,
F () Mazg (L)) Ae Wendusioiieslu x, u Lag t AD aUILANDS

Wealafdununraulynsaaas

T
u(t) = [u, (1) uy ()~ u,, (1)] (3.2)
ynseenuuUlRIlAssEs s IEunTs T (3.3)

+

u’, ifs(x)>0, .
u(t)y=9 "' ' i
u , if s,(x)<0,

1

=1,2,....,m, (3.3)

e U ()= u () wag s(x)e R A9 sliding manifold Ld uflaf T uianimes n1sadnd
T & « oA & a
s(x) =[5,(x) 5,(x) -5, ()] Bedialsisioilosuuiui s(x) = 0
1NNYN1TATUANYDY SMC aun13i (3.3) nseenuwuungnisaruaiiivelviwiladn

WURIADU (s(x) = 0) 1guazn1sinfaulmuuNuRLdeuITAsENUEBY TMuNEAIINT 89



ar

M3 Reulvmuaiusalunisidnie (Reachability Condition) iieluulalagnisinnis
Y94N)N13AIUAN (1) Rouludnduazsaned wiuszuu Tuaun1si (3.1) ieneuaues

soraulvauatuisalunisitn e ndusosieuidoulaluaunisn (3.4)
s(x)s(x)<0 (3.4)

Wouly aun1si (3.4) Ae MIN1TUAT WWRENISAToUNAN UL VBITEUULL AT I NURN
n1sdlas (Sliding Surface) nasa d@msuRoulvariuauisalunisidrfanianysalisundn

Feuly 17 eyl
s(x)s(x) <=n|s(x,t)] (3.5)

e 7 Ao Anananduan dwsuloulvaunisi (3.5) Weliwdladniuinnisaladasidnfsly
AN ALL DL TAN UL Y Low LH BUUITENISLAA e UN@a 1 UES YUY (System State
Trajectories) Aeleiiaulunisussq (Reaching Condition) auns# (3.4) #3e (3.5) 13801

LW&n13U7g (Reaching Phases)

3.3 25n1998ALUU SMC
A8A1580NNUY. SMC Usenaumie 2 Junau samaluil
Funewudl 1 saniu sliding manifold s(«) iveliuseansameudosnisluluuanis

dlag Lwu AuEhies MINEILISalNNITMAANITTUNIL KagNISNIEANM

1
A L)

upaud 2 senwuumimuanloundukuuliseitos ut) Fsasdidulvssuudiis

v

sliding manifold Juandnin Asa1uisnussquaesnyilseansnmenuidenisle

a

o U 1 o a (% & [ S
ANSULARLYRANITABAUNTS FawUSNTELER s (), I = 1,2, o, m Aa WJunsiden

ionsTanuuiieduresudsmsalad feaunnsd (3.6)
m
s(x)= Zajxj (?) (3.6)
J=1

dle &, Ao Adudszdnsnisalas war X, (f) €xt) Ynguszasdndnvesianuaualads
Inun Ais Mstuipdiounuiiianusvesseuuludauinnmsaladissylunardriauaginwm

Badusasnll
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3.3.1 miaamwuuuﬁug']umimuquauga
NELAISTTUU @UnsT (3.1) auuRanod 2 g(x,t) Ao lydtang1u (Non-Singular)

[
v a

NMTBBNLUUNNITAIUAN gunsovilanail

u(t) =u,, (1) +u, (1) (3.7)

W8 U, () Pl drulsznausieiilos wag uy (6) Ao dwulseneulisaiies
n15A1UANANLY A (Equivalent-Control).Ug, (1) @19 NiT8n71 T5N13AIVANANYA

v [
(YY)

(Equivalent Control Method) lunsaliil A3t U, (t) @1ansoriuIalle desialull

u,, (1) = —(2—;2 g(x,t)) g—if(x, 1) (3.8)

(7
[ KY

WUAINNSAIUANANYS ANN13A (318) adluaunisseuulan aun1si (3.1) Awunisadoud

suaqiwmmsa"laﬁ?quﬂﬁmumima

x (== g(g—ig(x,t)) % f(x,1) (3.9)

Tagd aun1sn (3.9 RMansaniduaunisveslvusnisalas iy manifold's (x) = 0 Li9ns

wdeulmnenisaindanugs uy () arunsaeeniuulenssieluil

uy(t) = —ﬁ(%g(x,t)j_ sign(s(x)), >0 (.10

A YA f U a T & a0 &
Ineioynusvasilanduiieywen (Lyapunov function) V=15 (2)s(x) FadlanIuau [12]

JUAD

0s(x)
ox

V=s"(x)s(x)=s"(x) g(x,Du, (1) <=L s(x)|| .11
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AVIUVINENINEATNYBINSAIUANENYaa11 SRt la I Wuesdusenauanudisives
ngn1spIuRUliisiaiias (Discontinuous Control Law) u(t) ins1gaiumnudias uyt) a1u7sn

N58999NLANI89IINTBIAIUNAIVBITEUY

TZ+Z=u(t), T <<l (3.12)

FINNYANNI Z ~ Ugg

3.3.2 3Fn13ngn1sdang

ngNsntasEynanainvesientun)sadIng (Switching Function) #saunsnasune

a

lomeaun1sisounusselull

s(x)=—ysign(s(x))— Kg(s(x)) (3.13)

y=diagle,,&,,..5¢,}, £>0
K =diag{k,k,,....k, }, k>0

m

sign(s,(x)) | L g,(51(x)) ]

N Sign(igz(x)) /N gz(s.z(x))

| sign(s,, (x)) | EMCHCN]
gi(O) =05 Si(x)gi(si(x)) >0,i=1,...m

aun1s9 (3.13) fe JUkUUMIlYYeINgN5IdT (Reaching Law) Wazu1ansel fe

1. ﬂgmiﬁﬁﬁﬁmﬂmﬁ (Constant Rate Reaching Law)

s(x) =—ysign(s(x)) (3.14)

2. NS89 I1AE9 (Power Rate Reaching Law)

$.(x)=—¢]s,(x)|sign(s(x)), O0<a<l (3.15)
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BagmadnfsldiisausinisnmiudReulunisidifaviiy widissylmainvesnisindioun

SYUINNTUIDIAELTUN U

3.4 Jgymnnsau
Jayvnnsdu (Chattering Problem) Ao guassandndnogremildunisii sMc TUld

U939 Nsauluseuy SMC dninantauind lllagsnauudnassnlaAineniaiantey

'
aa o @ ]

gafingnaziaglunuuiaedugauafvaznsldmeiuguadnanisnsnisdusiegednfin @

' '
a a 1 LY

iliiAndeisendn n1sdunuulusesiios (Discretization Chattering) ¥19A 14U AINT

| '
a

auAn Msdudedudeilifeszasd esndnilinasmueuliuiug gydornuiou

v
a ]

geluiasinih wagBudunalamedsulmdnusennn usnanduginssunisdueiansedu

1
Al

Iaundindasiugenlaiduuudtaes (Unmodeled High-Order Dynamics) @3e1aunlugainula

v
[ =

afesildainfn fedy 39ladnsEueizn1saes uinansiieansevinlinginssunsdu

anas vilslutiufe I8N1sAURNBUY Second-Order Sliding Mode

3.5 N19MIVANLUY Second-Order Sliding Mode (SOSM)
WBNWTIINUUIMNINISAER/anmsduiingundedrssuuds wada Higher-Order

a a

Sliding Mode (HOSM) [13], [14] §aduddnasiifivseansnnlumsannisdusnmani i
Tumedied nseunslaiaidenggildiueuiusinafigsninvesiudanisalan el
wsmsdladuazeuiiusiaaigsmiussouduiigaiuin dudufsiivaaulan nilasiiudins
mupsiuulsireladliFdmadedunnvesszuulagms: uagdunnanmiuesnsraunuaie
Junuuseides dudunansgnvainmsdurzanalurmeiinuand@votaiuaamy
(Robustness) waznssnvssauiulunatdiinves SMC wutifudsnseg Wedruaumaians

AIUANLUY HOSM Aiflvansiuadan1sniuax inallan1saiunuLuy SOSM 1dudnnilelsa

YY)

IosumnuisuiaydUse@ninminniian JadsAulvidudsdladuagouiusiaiduiunnile

Jugudlunaidria

3.5.1 Yaniviua (Definitions)

ﬁmimwaumiL%qaqﬁuﬂﬁﬁaLﬁmmuﬁmmaﬁ\laﬂﬂaw (Filippov)
X =v(x) (3.16)

e xe X c R"Ap NNWMosanIue way v As A1Uszuiun1svoulunn1eluuediniaes

Handu Weaun1sausaununmer1 ey Rusauya
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xeV(x) (3.17)
hauunnmes v Ae sewleafuyngn uag V (x) fie n1stslAeenvensnveddenmiiululyd
Taviaved V (y) dle y — x laedl {} fie qasiaiieaved v mneutesaunsgninvualidu

Handusollovungauved x(t) TN UANBIRBNITTINAMULANAIUABUNNTA WWaTad R

3

Yaaiangunniuualag

Y

s(t,x(¢))=0 (3.18)

e R" — R Ao #andusiusevainaue

YBMINUAN 1 N15AIANTITOL

' '
{ =

- oytudnandeideses suaz 8 Ao fleitudeidowestauusaniuzaes
szuu nanfe mmilideisnglianglus

- wpved s=5=0 fe ludrsuatuarUsgnaunrguuiifvesilauden
(Filippov’s Trajectories)

MNdUNIseAIUnUES s = 5§ =0 138011 Inusalanainuiidas (Second Sliding

Mode) puilaidudediaves s saguin 3.1

U 3.1 uunidves SOSM

3.5.2 WaInvas SOSM

fsanaundeyiushineowutionvesiauden (Filippov)
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x(t)= f(t,x(¢),u) (3.19)
s(t)=s(t,x)

ne?l xe X c R"Ap nnwesaniue, ueUC R Ao vaulundunaniuay, t As 118170467
wUsBase uae f Ao Weidunnmeinliudusuuazsulsvalinaue Weolnguizasdueinis
muau Ao nstsdulisuUsdladuazeuiudanunag siuaz §¢) Trnduaudlunaidiin

Fastolud
s(t)=s5(t)=0 (3.20)

auudin psmuamasadualysal lnslawidnduaudiensiasuwiesuiviulsalad

s(t, x) Wwensuenmuusalan s @oeass (Twice) smmaluil

s(t) = %s(t,x) + %S(l‘, x) f(t,x,u)

s(t)= 2S‘(t,x,u) - iS‘(t, x,u) f(t,x,u)+ iS(t, x,u)u(t)z.21)
Ot ox ey [

o(1.x) y(1x)

4

Vi A UFUNUS

1o v

UUay AU UAU (Degree) vasssuy SISO MU NdY aunnsil (3.19) 9

NITUEDINT

- Nl BuAUANNANTUS 7 =1 1.6, 2.5 #0;

- N3N 2 SUAUANNANIUS =2, ien 25 = 0,25 £ 0

o v ¢o w A
AENNUSEIAUR 1
Tunsalil Jggumsenuauansasaunwlslagld SMCwuuiuguduivis (First Order

SMC) 281915AAIN @1u15019 SMC LUURLSUAUNEDY (Second Order SMC) LNaunanLa 9

v

msdule Feasulaned syiusinaivesnisaauau a(r) vensdlenafiansandudnysnms

9

AIUANAIY (Actual Control Variable) msaunuldsdaiiasves u(r) Taaulvishudsalan
wazeysiusiian § ldiuia § =8 =0 fadunisauuiwau (Plant Control) o3 u 9

AOLBILAYUANLALINITEY

'
v fsdv v A

BUNUTTUAUN 2 S aunsaesunesieaunissialuil
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§ = (t,x) + 7(t,x)i(t) (3.22)

o o(r,x)waz (1, x)fe feifuveualneusznn Tnsauufnuideulusoluil
1. Usuauniseunsiduenues U={u Julg UM} e Uy wihitu fhasdi > 1
2.\fl8 u, € (0,1) asﬂiu%‘nm‘?u Fadwiuileddusiaiioavas u®) Ta 9 fulu(r) |> u,
thufte t, sofu s(Ou()>0 dwsuuday ¢ > t,

3. 1laAAsiBeuan Ao s, K, uar K, 69l o1 | s(2,x)|< s, lngi
0<K,<yt,x)<K,.VueU,xeX (3.23)

wazealladiviiuees [ u > u, muvnefo SU >0
4. \flemvuali C g el Tneineluuiionmanann | s(z, x) < s, anuldviniu

doluiasiAnty
lo(t,x)|KC,VuelU,xe X (3.24)

7915007 2 38 dwsunmsmuan u@) Avaedslunisdsdulsmudsalandililues
AusuAsNsuTeIanIusle neneulveuavetnainnisalaniimvuslasdeulun 3
way 4 A UsIE 9NANNTSA (3.22), (3.23) uae (3.24) aviiiulady Tegiuisvanussgniunis

HUINLBIBY TS
§e[-C,Cl+[K,.K,, Ju() (3.25)

AFURUSEAUN 2
Tunsdlil Jgymmsmuauaiunsasuuulaleefiarsansiuds uduiudsaniue
wae U Wuiniuauess Manufssuunadn aunisi (3.19) duiusiulungeuay (Control

Law)
f(t,x(t),u)=a(t,x)+b(t,x)u (3.26)

Wi a:R™ = R"WAE p-p ' o pr tWJuleddunnmes il wdusuiidanuasnaus

Wigawe @unsa (3.21) aunsadeulndnasalul
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§ = %s(z‘, X)+ %s(t, x)a(t,x)+ a—axs(t, xX)b(t,x)u (327

= %S(t,x) + %s(t, x)a(t,x)

. 0 0 0
§ = ﬁs(t,x) + as(z‘,x)aa(t, X)

2 . 2 0 0
+ xs(z‘,x)+a (t,x)ys(t,x)+8—xs(t,x)aa(t,x)
x[a(t,x) + b(t, x)u(t)]
= (1, %) +y(t,x)u(t)

@

910 gUN157 (3.23), (3.28) wae (3.27) asiulddnleg durionumiulumunissandeeyius

soluid
se[=C,C]+[K,.K,, |u() (3.28)

3.6 HIAIVANLUY SOSM

Tudand agnusthiirUALLUY SOM AfSniuiifian 16ud Faruaumiafouuy
% UiUo3 (Super-Twisting Controller), ﬁ’AMUQMLLUUW‘ﬁm@T\? (Twisting Controller) Lagen
PURNLULUTgeURTa (Sub-Optimal Controller) famuagivailinataussionissunu
Y9slallnALAENISTUNILINNAIEUDN i3 isIs3eBALUY sliding manifold 1BeuTosudn f

ALANNTNBDNRUUNNI TR ATVD A URLLA

S

N ¢

P

U 3.2 uunifilaves STA
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3.6.1 danastiun1sAuANVInAILUULUIaS (Super-Twisting Control

Algorithm)
danesiiuninfawuugliues (Super-Twisting Algorithm : STA) 1udane3fiulvun

nsaladuuusiaiteianysal feiidulafauautindnnimueveanisaivnulnunnis

s

aladduduiivide dmsusruuiidanuliudueu/mssuniuiidugseilewesdudng

v v ¢

(Lipschitz) wiaunisleiseauiivauian 1ila STA lasunisimuientuaussuunduiusiv

Y]

sruuduiuTvile iendnifesnisduluszuumunulaseasuwuullsiy (Variable Structure

b

Control) uagluNnN15ARaUNnUU sliding manifold dusuidas AIguN 3.2

[

De

[

#ATNTLUU AN (3.25) Sane3iiun1sAmIUANNATILAR ]

u(t) =u, (1) +u,(t)

s ¥, . (3.29)

—asign(s),otherwise,
P \
LAl s,
Uu =
2 :
L g| S|p sign(s), otherwise,
oot e, A fo Amsiifienduuan wee o € (0,1) Fsdoulafiiemodmiunisussau
fufiviansfe e stiding manifold Hufe

(L JES A4C K, (x+C)

QG Y T
K K> K (a—C)

m

(3.30)

dle STA ludwdudeednisUszunanainieananeveseyiusiatassudsalad dmsunis

Ben p=1 AN uile Ae eeausaanestsULuUasutl (Exponentially) odean p = 0.
p=173 nANAaLans Uy (Exponentially) p=0.5

s o a

NSuAliI aunsaussqnisalans udufiaetateasgn dmsumaiden0 < p < 0.5 n3

1%
v

ussauiufiganuileaziiatu dnludeazdladn nsiden 0 < p < 1azm3ufleddn nsun

UssauiungaiLlaluaninnie

3.6.2 9aNBINUNITAIUANWUUNIANG (Twisting Control Algorithm)

£
a aa v

ganesnuiliinudnuugiany fe ninAsseugamilla fwgui 3.3 nsuussauiuly

9

nardialufinninvedssy FuAnINNTEIndvURILeNNEYAAIURANTENINATILANGNS
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v 6

AuaeIr1 N15aIRTROUNGIAAIUANTNIYARATBILAAZLNY FIFDINTTIAS DINUBVBIDUNUS
naeIskUsnsalan s TunsiNesmduing r = 1 N15UNSEUVANNST (3.25) 9anesiy

WInAzgnimualaengmIaIuANselUl

—u, if|u| > 1,

u| <1 (3.31)
u| <1

u(t) =< —a, sign(s), if ss <0,

—a,,sign(s),if ss > 0,

Wo o, > a, >0 weReulyiiewmedmiunisuiussauiulunadia ieidn sliding

manifold A®

4K C
a,>—, a0, >—,K a,>K,a, +2C (3.32)

0 m

Tunsalermduing r = 2 Ra13aNTEUY aun1sh (3.28) daneSfuvinfsasgnimualasng

msmuauRelUL
u = =rsign(s) —rsign(s), r, >, >0 (3.33)

WeReulaiiesnedinsumsuussauniuluagaidnis et ma sliding manifold A

(h+n)K, >(nh—r)K, +2C, (1 —-1r)K, 6 >C (3.34)
s
AN S
-

35U 3.3 wwddtimlaves Twisting Algorithm
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nsdllamzveImuUANNIngNITNUTIIUAY (Convergence Law) ignmualing @z

gnmnuAmeY

2
*sign(s)), @ > 0,4 >0andaK, —C > % (3.35)

u=—asign(s + l|s

v

dmsudimauaAn aun1s (3.35) Aie TndlAssiudimiuruinuegladwuuinesia (Terminal

Sliding Mode Controller)

g‘dﬁ 3.4 Wuitmaves Sub-Optimal Algorithm

3.6.3 2ANFINUNITAIUANWUY Sub-Optimal

FaAUANLTY SOSM Tdgnitamaduanmssiiuntsdeunduiiltmangas (Sub-
Optimal) 189A3AIUANATT IMszauURaadnd s UBuTnsIRaF LUTY Sanesituil
miufnsmussauiulunaidieues s waesilugud msddauunidbiegnglureuivs
YoadulAanTIluaT (Saudaganuia) ngRnssuminhswagnszlan @ s ua § ldiuden

wiseanny) Wulule Gun 3.4) leedwlngagliniieuiudanesiituuy SOSMC mspuay

aa

WuU?l Sub-Optimal i nifusasfintsussanariruseiiodves § usasdusgiunsdfian
. @ L4 ] 5’5
S WUAUEYIUY

AvualiesmdUnms r = 2 N13NT8UU dunT157 (3.28) dane3fiun1sAIuANgN

MuualaengNIsAUALGIsBlUY

u(t) = —a(t)V, sign(s - %) (3.36)



58

a, if (s—1s")(s" —5)>0,

a(t) = .
1, otherwise,

Wo 5" Ag AlennIdgaundIvefianduy sit) Seaennnesiuluuaudves s'uay o' fe
Arpsvan L a3 eulad i eanedusunisurussauduluendnde W ewdida sliding

manifold [13], [15] A

a e(O,l)m(O—if’”) (3.37)

M

C 4C
'K, 3K, -a'K,

V,, > max

3.7 M13AIUANABLLIBSIABSNIEILUUNIATUNasANSANasNNlATiANTS

avasuuudlaftinungiaudl 2 sanasfiuninfsmuugiles

Tud eviilagna19fiann3AIuANABLLIES 1A DS TN ARSI TUWUY Grid-
Supporting Grid-forming SegmismaruaLUalaRduia (SMO) Tneldiugiusanesi
yAnRuuUgUes (STA) dsulilasnielulmunnisieuuuusendidasy Tnevaluud
Sanasfuninsanuugeslésunseenivit uiinismveudiiiussans nmdrumiuasmy
anuutuglunisugnaumne wiaziduismadonlunisannanssviuannisdy
(Chattering) luinenfnusilimuauuuy STA-SMC gniantszegndlddmsugunsauas
LI URATNTZLETRIRDUNDIIMRS AL UY GSGFm Tululasn3auuuwend7dase (slanded
Microgrid) Zdlululasndslulvmanisvinteuuwunsslusi® (Autonomols Microgrid) wa@nssa
yosnpunafinesidmyvhnululnaumasdrgussiuliinilesnunmiuiazuesmagaves
wssduluiaseuelulasnin 4 sdnuazesniziiunitaadnyazaiyU (Droop
Characteristics) 84 PWgUfu-w oz O isuiy £ vmssafudny Welulasniavinenily

[

uaausanunInrauasmasmavmululvuawrassnenseia wWevinnsanen1asinia

a

AFanarmaslninaiouludegAa

a

An3n guAruANn18T (Local Control) Antluns

1y [

FURAYRUNITATUANLIIAULAZNIZLALDIANAVRIABULIBSIADI MAILUU GSGFmM Ml

ADULIDSLMDINEILUU GSGFM @150y aulevialuluuauwendldasswarlvunliaunanu

v
A LY s v

nInuazsIuAeuNUsYasAlAe T00UseaInnanluni1sauYeeraunosines 1wy
GSGFm dmiulaleesnngn (Lowest Layer) n3ea n13auAuatnuAug (Level Zero) lu

lassafeniseruaululasnIawuuafuty (Hierarchical Control) agduiusiunisaiuay
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a18lu (Local Control) ¥04ABLI95tMB3 AT N19YI91UTRIABULIBS IMBsA1aslusEUY
Tulasn3nfiruddyetedslunsulsetuseaniam anuates wazauidedoldves
szuuttavn uenandimsmuaudiuul (Upper Levels) lulassadantsenuauuuudisy
44 (Hierarchical Control) FududeseduuszdninmuesgunismunNwsItULaZNTTLE
aelu edeaniasiinisnevaussiisininazsrdndnwauenduntiluaniigesh
FafuluAvenfnusiaaiiauenisuszgndldfauauuuy STA-SMC dwisuguaruaudiuly
(Inner Control Loop) ¥atAauniaiineiMmatiuy GSGFm %3 nsamuRua1sugud (Control
Levels Zero) ¥04n135A7UANTzULlNlATATA (MG Systems Control) Tulvuauensidase
dmunisesnuuuimuntilsulaznszuanisluvesreuliesinesiduuy GSGFm iile
nseenLUUgYNIsAIUANAsEIamenTsUszNAld fruANLUY STASMC BsUszansam
Y99IMUANLUY STA-SMC anansataelsinisimeaiinasuadasdsliogwsnsunndsiu
waraaRINLAANaIRluN1IzA (Steady-State) Iioe9dusyanSam Turuaufentu e
20ALUUFIAIUALAINSUNTTINEAIUAIINAANE AU IR ulaElTFIAIUALILUY STA-SMC
FezSudseiumsuussauiulies199m s e e U AnNG 1A SER AN 19BaT Heans (v,
haY Vi) WAZA193Y (Vg WA Vo) MLESU 3UT 3.5 Udenlmozunsanisauaslpesmed
ensISmImuAuliaue MnlassadunismueulsEnausediulsenaundnassaiufie n1s
muauiddlniinuagnismvauaesluretasulnes inesiids d2ui 1 gunisaluay
ﬁwé’alvxlﬂflLLaafl%’wé’ﬂmsﬁug’mmaqmimu@uéha%%’mgﬂ fraz3uUseiuntsmunuitddlnih
3euagidslnialouneniuliegwdassuavdiaiuayulnsiasiniswusdumaslningn
mawiisg uaﬂﬁ]’lnﬁqﬂﬂﬁmmuﬁﬁﬂw%azﬁﬁagauauw%gmmLLSWTuLLazmm?{é’NSa
Thfugunsmuaumeluves VsC loailinguszasdvdniiolsildnadnuasnsinuiing e
fuinsesiiinlinuuudslasia Welassaismeluresnsmunuus LAy sELaLUULA
aiAn (Cascaded) gnoaniuvlngldfugiuesdaned funinfsuugives (STA) Fadu
Fana3fiunismuguiutAmu (Robust) gniunldiieliiAnnismevauefisiniinaz
U¥uUgengAnsaudaune (Transient Behavior) nanaand #aa1URLLUY STA-SMC fo
Saneifiumsmuesuuulsidady Geldssavsawmsmuauiuunmud i ussuuiinatn

waymssunuilaudueou [16], [17]

3.7.1 Tuwandinmanivasnaunadnasidadoudansa

dlonesifisurinlaeiiluvetrounesnes fduvaumaaaisdeusoszuy
nasnasliuuunseateaud (Distributed Generation : DG) W1UNIARIUAINTBIUUY
LCL iilosfnsoaiuu LCL Usgnaudefamienidudunedned (L) Mifulszquesi

594 () wagmwmileadnunia (L) Walinsldmnseswuy LCL iitoanaindeansuatingd
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(Switching Harmonics) @usulaezunsunislnvvesaeunesinesndsasinadiounonsa
[18] ¢la5U7 3.6

Inverter

«E} ﬂ LCL filter 3-Ph Load
. {Iﬁm\e I(M;\/\

1 L K
'{M}‘x MW+ T H

L M@ —
—III_ Primary control

. *
CELERLE Totalonloa| | [Vor-Ver-Ves . LPF P
a)
P

S-Ph | \Esin(ot)
sinewave
generator

SVM

A

abc

3UN 3.5 laseasevesdaneiiuvidnasuugdidesiniunsmelanismuauwuuianines
AvTUPOULIBSIMBINIAIMUY GSGFm

) o PCC

Lu L a V a

AR CE e
+ » 7%

® CulCyh [Ch

5UT 3.6 lnozunsunslniinvesduiesines 3 iawewsionsamesingaawuy LCL

WeNa15aiInsoawuy LCL saudungusssulniuaznszwalniivasmassany
(Kirchhoff” Law) sutiuanunsaliswluaunisfiaenndesiulasi
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d
Li—1iy |=| Vs
dt
llC‘_ _vic
oa vOa
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zE Lo | =] Von
| ‘oc _| _voc
voa lla
C d -,
fz Voo |=| L
_voc llC

-R

ia

K

oa

ob

oc

oa
12| Lob
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oa

Vob

oc

ga
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(3.38)

(3.39)

(3.40)

e Vigbe = Wiar Vis Vi) WY iicie = iy iy 1) AR AIMSIAWIMBAURA LD ANRKAENTELE
LOIANFVBIBUIOTIDS, Vo obe = Van Vonr Vo) AB AILTIILNENRORLUANUNT MBI AN 0,
Vodbe = (Vear Vebs V) WO ligape = liog ioby o) P18 AT ULAYNTEUER UL oLE B UNS A,
Liobe = Ly Ly Lyd" 8AZ Ry = (Biigr Rige Ruzd AD ANILONLAUTUASITALOUT AU
DUNDINS, Ly = (Lo, Loy, Lo WAL Riz = (Riso, Rise, Rizd)’ A8 ANSLONLALTWAE STELAUD
suidonsoiunin 1Az ¢ = (Ga, Gpy Go) AB AAUIBuALdYasmNsasiuY LCL

AU IFULAZNTELATDE VSC auiwaveds UUT i ousewdn fusanse Uy LCL
awsaleufuaunishunsoudedmyunuudalasia (Synchronous Rotating Reference
Frame © SRRF) Tagldmgufinisuuas Clark's wag Park's auaady daduunAngesisnis
AUANUULNLLI A UL (Voltage-Oriented Control : VOO) ssaf uuyusae i
AdAAERSYEe VSC fi9asnsasuy LCL T SRRF Ssanuisadewduaunislalvaliannis
7l (3.41)

1 R
- 0 ——LL o, 0 0 ~ _
L L, 1
1 R 000
o 0 -—— -0, - —LL 0 0 o !
Lia 1 L L X Vod 0 LL 0 0
B SR S S | “lGan
di| loa L, L, Lia 1 \¢
arli |” 1 ol (100 o O
t| i, i v
q 0 L_ 0 0 -0, - # ) a 2 1 &d
Vod 2 2 od 0 0 0 — Vs
[ Voq | 0 ® £ 0 _L 0 L% | L,
£ c, C, 0 0 0
1 1 0 0 0
-0, 0 0 — 0 -— - -
L Cf Cf i
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818 Vigg = (Vi vig) and gy = Ui i) 70 AILIIFUIMDTUDALIA NALALNTELALD A NAYD
39510090 SRRF, Vouy = (Vog, Voo)| AR AILTSAUWRILDRTUA1U BIMBsHAWBSIUY SRRF,
Voda = Veah Veg) W% i g = (o ing) 7D ALsITILaTnITLER U eurafunSaly SRRF uay
, Ao AT A

d1m3uas9ansesiuy LCL Tunamssunnngasisadufiulazqiineruiuluics
nspsuUY LCL 1psandufiunudiwia3avesdnfiuseglunasnseanuy LCL fatayunnd
pwingn seduswsfinesvensasnietuuy LCL Simudnfuiasnsasuuy L Aiannud
i1 FadulumaimautesiinuaNveIIsnTeIkuY LCL Aviunmseeniuugunisniuny
nTzuaaIusnanALduFouaLnd et eeilad duntsansleususuiivde dafanson
Wudfuiumadoudeduesinaideninsesmia L fahflumsmununssuadies
AIUANKUY Pl 3981195091 mINAIINFURLEIINATTUSENIA1v09993N 50391 L ay
aqmmasﬁaﬁm%wa%aameéf’nﬁwizﬁ; (Capacitor Branch) Myt uniiinesueniasnses

IWINATIN (AUAIUVIULAEAINWTEINY) 2993993NT8UA LCL @nansoyseunaenla

WO UAUNNI IR 93U89995N309%0e L [18], [19] kavanunsauansbanad

L/&L, +L, (3.42)
R =R, +R,, (3.43)

1519 Ly LAY Ry A AUUTEAUNIINLA S AIAILA UYL LU RTEIT999NT09 MIUEIRU
IN3UN 3.6 @1un30svanyRgulednAewesnaTMaNY ouror 14I93INT0e LCL

3 = ) :i v a P
N FeanunsaUszaaanlunisiueuseniu9aINTBIYln L havanaunisi (3.42) way
(3.43) saniulawadnlunakssdulninvessnmiletdmsunisoenwuudmauaunssa i

ausneuduaunsie v sselud

d
L"i==Ri = jolLi

tdt i, 0.dq 0.dq _vo,dq TV

i dq (3.44)

waztiveatuRudyey1as DC Tugunismunuussnulnil asnsadeuaunisiauninlueaves

nIzuaRNUlTEaTeNasnIaslilmlnwiolul

= _.]a)gcfvo,dq - lo,dq + li,dq

C

—V, (3.45)
U
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W19 WLy 4y 48T WC, g AR ReUluN5IWeNTBaMUUTYT (Decoupling Terms) v83aun13

ussulniuaznszualnitvesasnsedlunnuy dg asaneu

3.7.2 /n1sauRuLuUagy

38n1seruAskuUAgU (Droop Control Method) T ugtunisaauauainnistas
#3q felasstneniely Wenstearaserndslninadeiivae (P) uazidelniiiadou
Frvauz () annsarnalianndInusznoureanTIf (voq,) WAENTEUA (ipg) 101HATY

noUsNBmyuLuUTdAsE (SRRF) wazausadouduaunsiaeadl

s 3 o ~
P=—@W i . +v i y>P=——P (3.46)
2 od”od 0q°0q S+(OC
= 1 ) ; 0. =
i\ L2 L RN Y B ) (3.47)
Q 2( d”oq oq d) Q o P Q

c

Tned LPF gnltineansniuelng uaz @) fie AIINALTA cut-off U949993NT09AUART
R (Low-Pass Filters : LPF) 43l 9 n535n15A1uAuata b lagldd ugrunisaiuay

§ 0o w

idalniiraTenagindslaiadoudmsunsunadinesidauuy GSGFm uazd G173
srdunsmuauldy sl snismuasiuuesl Insfingnnsmvauuuua dlussuy
BidnvsedndmadliFuiuuainudnuansy (Droop Characteristics) 19sN15AIUANIATEY
fudaluinuvddasiaidonsenulassaglfin nudnnasidersud Bnsmuauuuy
Uil othanuszgndltlunsmuguszuundand syl unszaneaud (D) 34
Sumosmeredidnvse dndindserliuseloriianamdnuarnsUresidsluiiiass-auid
(P-w) uagmasinilnadiou-usewuluilr (O-F) Lwiﬂmé’ﬂwmmgﬂﬁasmﬁu%’mﬁuamé’ﬂwmz
nsureuaTestulialiitsuislasta doldiusouresgmsTiniseualagldfugiuveanms
ruAuuuasy fie niselviusaznthgves DG anunsamuaumalninasuasmaslni
wafloudi 9 eiinginsenvaniisavinlaegedase Tunsdvedlulasniauuuuendadasy

(Islanding Microgrids) @slddnsi¥eusiafuning@dn (Utility Grid) lulasn3aagyinaiulu

Tueoeludl® (Autonomous Mode) Tuluunnisvinaud tulasnsaazdsunisane wie 5u

o w = N

maalniinelussuuvedlulainia ivesnwseauauduasieuniauseiulninngaey
ma PCC Wi Turaieilvanieusiedunindiniunuduiiay (Tertiary Controller) vs33
mmuANkuuaUgniuyssyndldiienisuimsdanisiunmsivavesiddlniiigage

#a PCC 1iog1uiemuaraIntunsiu vie FnemasiiiiseninddulasniauaznIngfda
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FadugnsiBnismuauuUAgUasldTunsigaiudrinsrauarudnivluaesaniuntsaii
warifuunasasudisndudmsuanunisallilasninsaaios (Smart-Microgrids Scenario)
uenanifgunismuRuiddliiiduuen (External Power Control Loop) 1edAauiasiags
fdanuu GSGFm 1 eUsegnidldynsisnmsamunuuuuasunisanidunisde dudneud
winnzandmsun1siian dnenssunisniuAnkuUnsEa1esa (Decentralized Control) T4
nuuagiie3ulseiumstufudemddlniheiuas iddwihaiousswin DG udazmiae
aelululasniamnAnssuves Drooping Ao Maideslesiddlwinadeiuruinaefidsinih

adeufiuneundgausaiulnih wasnafinssudanunsawanslanadl

A=\ \k /(PAP) (3.48)
E=E -k (0-0) (3.49)

'
1 a

d" N ' a ' a ) * * °
LD W ey £ A ﬂ']ﬂ'g']llL%’JL%Q%NLLa%ﬁ’]LL@NWﬁEﬂJW%@QLLi\WTu, W W £ A9 AIANNIAUA

9

YOIAMUDUAERIIAY, P tag Q Ao Armadtniiaswazermddbniinadouodnnves VSC,
P* gz O* Ae Ainavue (Set-Point) vosmaslWinadiwagiiasinialiou, &, kay k, Ao
Adeedsns1vesvesitnluaukuUasUd s umasniaTag Mdlndwadlou

MUGIAIU UGN YEDINIATUANKUUATY (P-w and O-F) IINTUZIUANNTSA (3.48) uae

a

(3.49)msgun 3.7

Q|—m— ST e e

Ep

-
E

n

P Active Power ~ P* P Qe Reactive Power Q" Q

max max

5UN 3.7 namlpaudnualy P-w Uag O£ agu

3.7.3 msruANwuUdlansluuadlenislddanasiuninnuuyuilas
lunseenuuunisaruAuiuvalafduug (SMO) WaN1TINIEATUAIUAANAIA

S8UINIANABINS (Desired) wazA1939 (Actual) Tumnaulun1sANANNS 2 TunaUaInSU

WATANITAUANIUY SMC AMuLUUsTINAT tnedunsumaiilisssied lutunauusn Ae n13
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ARUAN UAINISAINY (Switching Surface) 50 Wuian15alas (Sliding Surface) Tayil

'
o v A J (3

npUszasAvaniiteivuaienwetulfanugvesnugussuuliidigiuiinsalani

D

dawRanatn Erron) Wugudlunarddauasfnwianiugvasssvuvui uianisalad
naeaaweilaiduainds (Switching Function) vead gy amuas [20] Tutuneuiiaes
fio nseenUUUNgNIAIUAY (Control Law) Mssanuuungmsmuauiitelriiilain uuid
anTugapezruLy g uianisaladflunarsitauassansnueg vuiiuianisalad

AaeAna laaun1sleeilureinismurusAInaInveIsEuy ausamrualanase busl

x(t) = A(x,t)+ B(x,t)u (3.50)
IS O-(x)t) (3.51)

e O fe sudsnisalan (Sliding Variable), x Ao Lanmesaawlsaniuy, u Ao AIkUsnIg
PIVAY, ¥ A LRIWNAYDITEUU Hag A Wag B Ao A3 18983 Ba1unsausulamiuined

U 79 C, Dy, Dy, Eyy g MazRoulusal Uil

|4+ E,,|B|<C,0<D, <B(x,H<D,,

A
B R v77 U2 2 (!

danesfiumsmuaNalafdlnueduiunges (Second-Order Sliding Mode Control)

a v a

Y = [ dl o d‘ a
LLE‘iGNI’MLMUOQHWSUSU‘UEQW?{W@QJLN@L‘VIEJUﬂU’Jﬁﬂ'ﬁﬂUUﬂiJLLUU SMC RIsluUYsIINA Llagan

a a

wanszundaminisduldanedussdnBnimuazulssdudasamuesl i usnnn s
LWUURY Sefudane3fiunismuavalandnunsusuiiaesuandiiufslseaninmuazndu
Amouilivangandinsunisussgnaldlumseuauiivainans Sanosfuninfie (Twisting)
wfaw?ivmquﬂma% (Super-Twisting) LLazé“aﬂa%ﬁme?’iw?w?TqLLUUéq‘ULUa% (Quasi Super-
Twisting) ifumaliamsmunualarduunduduiiaesiiléfumsseusveginiiannns dauan
gosnnnudnnsvemguinsmunudlofdunsusuiiaes Tuinerdnwusiasdnauens
muaualanddnuadsusuiiaedagliiuguresdaneifuminfouuugies fufungmsauey
vashmuAauAInAILUUgUiUeT (Super-Twisting Controller) ansnsnduaailalagldaunis

pasolull
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U=-k, -|0'|77 -sign(o) — Iki -sign(o)dt (3.52)
0

e U fle ngnismuauildlunisesniuusiniuay, k, uae k fe Fasfivesiuiinisalad

LU KagIoNsIdenAReg fase Uil

k,=15L,, k=15L,,L, =—,0<7<0.5

K,
18 A UL K, AD AT LAY L, AD ALAYEIUIDY A UAY K,

3.7.4 é’ana’%ﬁw%méaLL‘U‘uszgiJLﬂa%waagﬂmimuqunimm

dmiugunismuaunssias wlug s eenisnisaauaussfisamdanazinig
sz nildmmunuuuualan Inuasane3iumisd v Uies (STASMC) Yiavananash
TngldiuguiBnismunuuunuLIsulih (VOO Srausvasdvanlunseeniuumeaunu
nszuasuludmsu VSC fe iesuUsziulssArBnnnsyinuussneuiedines fdaly
wizauiian 1HesanndamuRuiluy STASMC Wunedtunardiinuuybiladure i
PuRuUY Pl detiufsammsalfuvnisamuaiiuy PrvABNsAmuRsuLLn Uil

lngnstiazudenlnesnsuueIgUnISAIUANNIZLARIBAIANANUUU STA-SMC AUl 3.8

/2

| Oy

‘I%_'k’ml ?ﬁi
sgn Edel &
§
(@)
/2
‘I%_’kw ?ﬁz
Ky ep é
()

5UN 3.8 1A59a319989MAIUANILUY STA-SMC dv3ugunsaiununseua

TURDUNITBDNUUURIAIUANLUY STA-SMC dwsugumsaiuaunszualuunu dg 3
Junausinelul Tunpuwsn Ao N1siaeniiuianisalas (Sliding Surface) #3e sliding
manifolds @slugnsIsn1smiuaui Weanudawaia (Error) gnldlunisivusiianisinieg

AINAMNTTUALNY d LAZNITZUALNY g AIUUNITAIMUANURIN1sdlanazIA gD UAIM
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AANAIATENINAINTIUAS B [y WY 17y KATAINTTUADTY iy kaE 7y, kazidunisivun
WaTRUBITLUY Lﬁaszuugﬂmuvslm’f';EJGT'melualaﬁﬂmmé’aﬂa%ﬁmimﬁmuwﬂLU@%
(STA-SMC Controller) LLuﬁﬁamuwaaﬁ’amuamzwQn%’umﬁauuasmmﬁwﬁ’uﬁqﬂ
sudaludnuwaninia (Twisting) Satmuneie msduindoudlansinum (Sliding Mode) 14

[

g4 manifold (0) dwsumsemuAunseua daduuRInsalasaunsaivuadal [21], [22]

c,=i,—i,=0=>1i,6=1i, (3.53)

o3k . ok .
ig — liq - liq == liq e liq (3.54)

'
A

\ie [0y 0" A8 sliding manifolds dwsunselaun d wae g, [l g A9 AvLUsNITLA
91989 A [ig i) Ao AIRMIKUINIZUEITY INALANNUSANNITN (3.53) kaz (3.54) llo
AINLANG138WI1 I TUNTAT AT LazeUNUEVeY sliding manifolds 1uANEnS oy

shatiuanuisasieutduaunislesat

b =4
ArTIDDH Y A 1
id 1 . . h -3
lid ™ lid Y Z(_Rtlid R ngtliq _vod +vid) = 0
t
liq 32 liq
@, = 0= 9.Qx 1
iq B\ otyell = (45 /. . 4
li‘] N liq /. f( Rt liq a)thlid Voq + viq) y O
t
Viq = viq = Rtliq + a)thld + voq + Ltliq (3.56)

9IN@UN15T (3.55) uae (3.56) BusiusIaIe9 sliding manifolds &, =0 waz 0, =0
HAaNS Ao fwUslnddmivesdusenaunnu d uag g YBIIIRUBNEY vy wag v, Beldlu

nMstruensauANiulsaougiuwn dg (Uy wae Ug) wazanuisadouduaunislassil

* . . :
vy =Ri, -0/ Li +v,+Li,=U, (3.57)

Viq = Rtiiq + a)thiid + Voq + Lliiq = Uiq (358)
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PnFUNSN (3.44) lowrdnlueanssulniivessimieiine9asnses (L) @axnsawansla

(9

N

De

d . . .

L El’d =—Ri,+o,Li, —v,, +v, (3.59)
d. . ,

L Eliq =—Ri, -o,Li,-v, +v, (3.60)

MsunuAndwaddmdU i, wor L7 wagainaun1sd. (3.59) wag (3.60) adluaunisd

(3.57) wag (3.58) @ usaldauiduannasialmlsedl

* 9 . i -
Vi =Riy~0 Li +v, +(-Ri, +o,Li, —v,, +v,)=U,
Vi =V =Uy (3.61)
viq y Rtliq i a)thlid + voq W (_Rtliq 7 a)thlid » voq + viq) = Uiq

Vo TV, b (3.62)

lpgiausaieonATUNSAUANEINSY Uy Uae U, mudanesiuninasiuugies lagld

U a

WUFIWAUNTN (3.52) FeuBUNAMIURAN Uy Uag Uy dMTUNITATUANATELAULLNL dg Lo

v
a a

miUszandlidanesiiuminfauuugives anunsanandlalusduuudissialudl

Ug= _kpid '|O'id

1

/
) ~sign(o,, ) — Ikﬁd -sign(o,, )dt (3.63)
0

y

U ==k o

iq piq ‘ iq

t
) - sign(o,) —Ikiiq ~sign(o,, )dt (3.64)
0

Kiy WAE ki AB ANASTIULN BansidenArasiiiedunssulseiun1siussay

A
b® Koy Ko iiq

iq»
AUYDIMUIDANIUL AMULEDTVRITEUU ket biulainteuluduluaiuinsoinisaiunsa

n3RaUMmeayiusvasilantudeyuen il

V =6(x)o(x) <0 (3.65)
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e ¥ fle syiussuduiiniavesflsidudeyuen dmsu o(x)o(x)uaz V iluiladdude
Yuan

U

)+

6 () (x) = ~0 [k, || -sign(o,,

t
[ iy - sign(,)dt] <0 (3.66)
0

R38N (3.66) 110 Ojigsign(Ors,) > 0 Wae Ky, W Kig > 0 ANUEWU FatuRauly
1U33g AWMU Vg Uee v, AR ALIIANDNBINAY d Laziny g @ mTumallanisuegian
WuUAUgLINABS (SYM)-d11$u VSC BT ua 1B WNAIINNITAIUALNTELALABNIT

Ussgndldifaunuuuy STASMC aansadsuduaumsTdfwelud

Va=U/ 70, Ll +V (3.67)
* .

v &, Ao L M) (3.68)

Wo vy Vigl’ Ao WSeiue19BadIMIY VSE, Uy Ul Rie dyayiaunisnauay, iy g’ Ao 6
WUSAINTZUADT, (Vo Vgl AD AbUSAMIINUATY, Wy Ao ATUSATINN wa L, Ao A

SO NEAUTTINYDINATNTD

/2

T \q

iz

sgn

A2
O'vq U

k= N

sgn k o =

vg

(&)

JUN 3.9 lAsai1evesfimUuANKUY STA-SMC dmiugunismiunuusasy
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3.7.5 SaneifuvdnhuuugUiasvasgunisnruaNLIIsy

Tumseenuuummuaukssiuliinguamuauinauen e mAanainvesaniug
szuuasiifiadugud WeegmsiBnmsmuauuuy STA-SMC gnihsndszendlilunismunsly
N30U8NBmyULULTlATIE (SRRF) Tnquszatdnanluniseanuuunisgnsisn1sAIuAy
WUU STA-SMC dufunismunuissfuguitsuende wielsiussamaimesuninesussdiu
§1a8auunnu d wag g legrusiuguazudenlnezunsuvesianuauuuy STASMC e
thindszgnaldifugunsmunauussiuthouen fegud 3.9

Lﬁaﬁmé“ﬂmﬁﬁ'yugmmawwai%‘mamuqmwu STA-SMC Usegnaldlunisaiuay
wuunnmesvesgUasmuRIwsiy Tngldfugunuaimsi (3.45) luwanarvesnszua
Aafudszuensasnsasuszuuwnulszau dg dusuldlunisipsizivazeanuuudn
PIUANLIITURUAIUANTIIUBNYES VSC IWousafuiasnsesyila LCL uazausauansls

[

J

De

dv
od Ve .
C; & =0,C, \ S+, (3.69)
&) dvoq——a)Cv N RE ] (3.70)
I df Vi g~ f od oq iq :

Tutusouve IS NLUVH TURDULTA AB N15188N sliding manifolds WBNISLNZATLAIIL
HANATATDILTIA@IANG F911 sliding manifolds a1x15anInualanaunIsamelull

[21], [22]

% *
O-vd - vod = vod > 0 = Vod - Vod (3.71)
* *
Ot T Vo T Vo =02V, =V, (3.72)
W8 [0,y 0,y Ao sliding manifolds @MSULTIRUUULNL dg, [Vieg Vgl AD FRLUTHIIGY
91989 WAL [Vog Vogl| AB FILUILIIAUATY Tusausioll fie N150NKUUNYNISAIUAN 1iany)

n1smuRugnaeniuulagldnugIueyusiiaives sliding manifolds tagiansanaunisi

v o W

(371) uaw (3.72) euRussusuiiniliwes sliding manifolds (O, uag G,,) wazanunsoazlle

[

N

=De
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*®

vod

=vod
,=0=>19 ., . 1 . .
V=V, = C—(a)ngvoq7 —i,+i,)=0

!
ok . . .
lig =lag =Yg~ a)gcfvoq + Cfvod (3.73)
Vog = Voq
c,=0=> 1
Vl] ok - _ . . _
Vou = Vog ——(—a)ngvod —i,, + ll.q) =0
¢;
by =lg=lg 0, Cv,,+Cv,_ (3.74)

TBNNIMUANMIBYNEITNTAIUANKUY STA-SMC ANISAIUANIE NI MUAKELNE1UTEWIN

2 @1 Ao druniunulumetilad (Discontinuous Control) hay dIuAIUALABLT 04

@

(Continuous Controb) ngussasdnanueingaauruil fie nMsderulvvsdiudsalandduua

o (Sliding Mode Variable) sazauiusdusuiinieasdansalantvun 6 11u3sauiug

ganudalunandine saugumsaavguussnuluuni dg angledanasiuninfawuugiles

' '
L Y =

A1U13000NkUULALAENI3 R30I DR UETUA LTINS sliding manifolds wazNyNI3
AUAN (U oz Ug) anansafimusneliteuly 6, =, =0 dwiu 9anaunsii (3.73)
wae (3.74) 99AUITENBULAY d LAY g VOINTERADINDT 4 kag /7y @1u130uu1lglunns

AVUAMLYT Uy, Wag Uy, tonesaluil

Ly =ty =0,Cv, +C v, =U,, (3.75)

=zoq+a)ngvod+Cfv0q =Uvq (3.76)

NNauMsil (3.75) Wag (3.76) fauds C v, oz C v, s lwawainvenszuadiiniv
U5292937n509lULN1Y dg 3Tnaun15T_(3.75) UNUeI CV, A8aun1TN (3.69) uaz

iR aunsh (3.76) waud C v, Mwaun1si (3.70) uazradnsitlddeialul

ok

Lg =1lg — a)gcfvoq + (a)gcfvoq —i,+i,)=U,

ok .
Ly =1y = U, d (3.77)

vV

iq oq + loq) = Uvq

q
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iT=i =U (3.78)

WelaulugnynevadlAseadian1sAIuANAS N150RNKUUNYMITAIUAN U,y 4ae U,, d115U

PIUANEILUIENBULNU d karduUsENoULAY g Y89gUNIsAMUANMTINEATLLSITUANYlE

1
U o =

danesiunisfuugoiuazaniiugiuaunisd (3.52) duudsanunsadeuduaunisle

Tyisasaludl

l
rp— )
U,y =~k ol sign(c,,) = [y -sign(c,, )t (3.79)
0
12 g
U, /= k5 "O'vq ~sign(o,,) —Ikivq ~sign(o,, )dt (3.80)
0
e Kovar Kovas Kiva and kg £18 ﬁ’lmﬁl,%qmﬂmaqé’aﬂ@?ﬁmw%@]uwwgﬂma% auSoulyves

b

V uazan1iafiusnwuesnisrmuauuu SMC @1u1samiunlesad

V =6(x)o(x) <0 (3.81)

v
[

1 000 # 0 wagssuUAIUANTAINEDNT AtuaunIsh (3.81) Fo Ussg AT

q

’1/2

<sign(o, )+

G(X)O'(X) A% _O-vdq [kpvdq ‘G vdq

vdgq
v

[l sign(o,) )] < 0 (3.82)

v
0

9INAUNI5T (3.82) 110 Ol SIN(Oiag) > O Uae ks Waw K, > 0 Uuffe vssqauiiouly
LAZNITUAIDIINAB19D (7 uay 17y dwsultidudgyaasadditugunsmununseua
INQUANTAIUANUIIIU LiloUseendldynsisn1smuAmkuy STA-SMC 984 VSC @1ansaideu

Wuaunislesasalud

ok

iy =U,-0,Cv, +i, (3.83)

i,=U, +0,Cv,, +i, (3.84)
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System frequency f 50 Hz
Active power load Load 142 W
Capacitance of the Cs filter Cs 26.67 uF
Inductance of the L filter Ly 2.5 mH
Inductance of the L filter Lo 1.2 mH
Frequency droop gain k" 0.0012
Voltage droop gain ke 0
Proportional gain of the current loop kiand g 10.5
Integral gain of the current loop k“and k1 50
Proportional gain of the voltage loop k¢ andi 0.5
Integral gain of the voltage loop k' and i 1
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A.1 Advanced Control Approach Based on a Super-Twisting Sliding Mode for a
Cascade Voltage and Current Control Topologies of a Grid-Supporting Grid-Forming
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2 Postiive shiding sarface constant gains elecmcal systems. They consist of a set of Distmbused
G T Shiding manifolds of the omrent in Energy Respumces (DERs) that sre idewonnscted and

dlg-ads can operste independently or in conjuncion with the
Cra, Tig Sliding manifolds of the volage m mam udlity zrid These DEF: mypically mclude vanous

ig-axis sorces of renswable energy, mch a3 photoveltmic amays,
Vi, Tig FReference cument values in dy-axis wind nurbines, or small-scale hydroelectric sysiems [2].
Rt By Fieal crument valaes in dg-axis Single-phase and three-phsse DOWEr COOVETIETS T8
Vid, ¥Wag Feference voliage values in dy-axis emploved o meesface with Dismibuted Generanon (DG
Viud, Vg Fleal voltage vahies In dg-mds sources such as mucremrbines, fiel cells, photoveltaic
STl ST Super-Twisting Mmm smays, efc. In the micrognd the D-based power

controllers in. Comverters. act =5 voliage sources to imerconnect the
Ll U Control fmctions of e curren: distribured generytien Eits with the microgrid, which is

control in e

Fpes, Ko Koss, Kug? Posifive constan? gains for a 5TA of
“the cumrent control in g-aeds
i, ST Ay Super-Twistnz Algogithin volugs
conmollers indy-ams
Livd, Uy Cootrol fimcoons of the veltaze

Tnet Koy Kot Koy | Positive comstait gaing fors STA of
the voltapacontrol in dg-axis

¥ First-fme derivative-of the Loyapumov
fimction

DERs Dizmitned Enerzy Fesources

DFl Diowbdy-Fad Induction HGenerator

HIL Hardvezre-in-the-loop

HOSKL High-Crder Sliding Mode

LEF Low-Pags Filter

LY Low-Voltzge

HPC " Heural-Poing-Clanped

o s Potnt of Common Conpling

cVEL Cumlex Vector Propomional-
Tntegrator
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Emme
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b4 Space Vector Modulston
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L Introduction

Mowsdays. power elecoronic converters. especially
‘vohsgeﬁmm(‘mm:-.ﬁ'&(t]ﬂm 25@aﬁmrﬁh
m various fypes of . such a5 DC ‘muce;

AL microgrids mchncmmm{s[aj 21

MicTogrids have indeed emerged as 2 new paradism in

Copurigho (© 2003 Preise Wiy Prize Sr,l - AN rights resarved

3

2 group of DG umits gparatng in coorditabon [3]. In
gmﬂﬂmmmcﬂ?ﬂpﬁmmmom mid-

commected mode snd islanded ‘mode Tn grid-comnected
mmgnﬂshs!\'enhe:mbuﬁygﬂudrmgemﬂ'
with tive mam urliry prid nerwork [4]-[10]. Therefore, the
Zrid-fesdms mode power converer plays #crucial role in
expart ‘of power berwesn the microgrid and the main
utiliny =713 Invislanded nade of operation, the mn grid
15 sbeent this, ﬁ]egnd—ﬁnmm.g m.uiepcrwucmaw
bmomai gssennial for the stabality and
melishility of the myroztid memvore [4], [11]. In =

“hierarchical conmol approach the power convener-based

m@dsptmudeugnedmnpﬂsmmbﬂthgmd—
coanected and islanded modes. The hietarchicsl contno]
framework allows for: e semmlscs mansiton banveen
grid-comnected and mmmeﬁm
and reliable operation of the myTozrd system [RF[14].

Thmdnm[ﬁmdnmlnﬂmgjﬁcmﬁsmgv
com be. classified o three davals: primary, becondsry,
mﬂmnxyﬂzlumwnmﬁglmme]uw&.r
hisrarchy - contral Jevel, - drooo. characteristcs-based
mkdm:mesmxdmedmmmehdﬂmnr
of synchronons generstars (1550177 T this conmel Tevel,
the. Grid-Supporting  Grid Formrng | (GSGFm) mode
DOWET COIVESTET plavs AN Important role in stabilizmg the
'mimg mnd the frequency at the Poin: of Commmon

“Complng (PCC) wiule facilinting power sharing among
Ihmmad, Eporgy Eesprces (DERsY [131. The:

sdvamiapes of 5, decenmalized cootob-based droop
coniTol - Soategy. are thst  if odoes not megwre =
commmmicstion link aad meeracgon with different Jocal
conmollers [15]. [14]. o sutonomous mdcropnds, the
secomdary conmol level 15 responsible for restormp the
voltzge and frequency o their nonxnel valnes i steady-
state contdinions wien deviations occur The highestievel
of comtmol, teshiary coofrol, serves 35 the sapervizory
conmal 00 micreerid systeny [13], [143716) It is

‘Tespansible for mansgmg the: enerry GEBSTRr Defween

different microgrids of connectad systems sud

the aconomic dispatch of enerey resowrcas 127, [4] When
it comes w-Congplling a microgrid, the conmol sppreach
0f VSCs offers effecive solations,

Therefore. advanced ronmol techmiques me often
moposed snd emploved for contrellme VECs in
microgTids in order to enhemce relisbility. improve
steady-state  operstion and  enbanmce dymamic
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perfommance  The unbzmon of power elecoomc
cowverrers under advanced coomol techniques, such as
ACTH power converters, DT DT power comverters, Znd
DCAC powes comverfers, momuicrogrid applicetions has
proposed 8 sipnificant challense for recearchers [3]; {131,
[I7}H18]. In this spproach. the Viltage-Omiensed Conral
(VO method combined with a PI conmofler is one of
the mast populsr conmol stcmmes applisd o conrel the
wolimge  source comverter topology-based  distibuted
generstion tystems. This conmol stuche is commeonty
uzed o facilinte ACTDC power conversion and DICAC
smucnme of the Voltage Soarce Comverter (W5C)
conprises regulaton based on dg-aves and af-axes 18]
[20]. The iGSGFm power comverter fopolozy, typically
wittun the conirol swocure, nchades two cascade’ conmral
loope. This senup is mﬁe&mmﬂ;mmm
connacted and smonomon: modes. ewsbluz amooth
ransitions between different modes of operstion. For the
primary confrol of e GSGEm pover ‘converter-basad
ﬂ.Cmm'ogmsL‘ﬂummlpomﬂunﬂgmuIbmp
mhtgmmmmitagemirmslgﬂmmwn
Sexmrypesmregﬂmmsmprqmsedfmﬂnm
converters-based mucrogrid systams I the Hteranme [2].
31,241 Ingamlﬁevdmgﬁandﬂbemm
conmrolless of W5Cs are desipned baced on Hnear and
[18], respectively. In. the ‘dgsynchronons refersnce
resniting iz high DC qualiy in seady-te conditions. In
MWmmmdyammmmﬂMsm

conmol mchides the wunlization of ess-couphng
decompling terms and PI conrollers. Therefore, o the
conventonsl dy-awes omTent commol scheme with PI
conmollers, full decoupling in the dg-amss 1s oot always
achieved This incomplete decoupling is 8 limiratdon of
the control scheme and can be considared s problem [22].

In order to achisve independent control of the o~ and
g-oomponents n the dg-mes ouTent conmol scheme
additional decoupling terms can be added to the conmol
Scheme [13].

In the parsmit of achieving flly decoupling commol,
researchers, have” focased oo developig  varioos
decoupling  comfrel  methodologies. Two of the
methodolopies that “heve ‘guned mterect are the
mﬂnvmh—mdqm:muzmﬂﬂae.mlﬂ

Vector Propostional-Tnregrator  {cVFI) conmoller, as

“mroposed in ihe Titersmre [24]-[26] Seversl advance
_control Techmqlﬁ [E - =nch as P&wommall.megﬂ-
Denvatve (FIIY cm:ma]JH Enzj-[ng;lt comtroller 28],

9 3 I-" !DGi"-l_zp ¥ s =

‘ﬂm‘hiht} spabiling and relishility wandes various

conditions [3], [27]. Tha commol of fhe' power
senmcm&wmuanmwﬁnmm
efficency and it poses sigmificant chsllemzes for
ensineery inthe Eeﬁu[pwuehmmapﬁa:«m
sm:hﬂmh{e systems, [19]), elecmenl drves
[!l}]_mmgnd'\m‘bl] wic: In power slecimomc
spplications, Shiding Mode Control [SMC) isa well-
known n.uuhmm robst cuniml techmque, that exhibits
IS EREITVIEY m 3 varistions snd - exrernal
distarbances [32]. mmmmnsmtu;ma-.s and fnat
e, another advant qfﬂhdmg‘-{ndecmnd

'
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Therefpge, SMC s-gasy 0-Jmplemeny in, commol
Eﬂsrmmd;anbesdspmdbﬂmlmmm
problems [37], [33]. I perbeular, SME 15 Empln:,'ed o
:molpmﬂziecums}mufﬂﬁsm ids in
order to mmprove, the performence of VSCso [34]
Howaver, one notasble problem sssociated with Shiding
Mode Cimmal (3MC) is the chanering phesomenon [35],

Therefore, the Second-Crder Sliding Mode Conmoller
(GOSMC) has been devaloped a5 2n Bmprovemsmt over
maditonal SMC [35] [34]). The Super-Twastins Shding
mmmrmmﬁumuﬂmm

dlzorithme he:  reprecented & sigmficamr
adim:mtm:mdmﬂﬁ Iz finds wade spplication
m VIS mg sremancs dus o it abdkity 1o
address fe chattarng phenomenoen problem asspciated
with the discontimity of the commrol law [35); [36] Tha
conmol e of the super-mstns slzorthn consists of
disconfomous e and confmuens e I additon sn
advantaze of '@ Super-Twistng Abgorithm (STAY baged
on High-Crdar Sliding Mode (HOSM) theory isthat the
contrel sachre s easy o iuplement, 35 proposed in the
liveranme [35][3 7] In this work; the methodology of tha
Super-Twistme Al porithe {ETEL:I is. applied te vanous
apphications for confolling power camverer systems:

These . gpplicanens mchide grid-compected  power
couverers [381, (3%, the Doubly-Fed Induction
Gengrator (DFIG)-comerter ([37], 8 fhres-phasa grid-
connecied photovelizic system [40]. the three-level
Memtral-Poins-Clamped  (WPC) Cogverter [41]. & In
addition oo the comrantions] destFn approsch. the Saper-
Twistine Alzorithm  (STA)  comtroller, cam also be
dasimmed by using 2 High-Cain Observer (HGON sathin
the frameviork of the sdaptive STA approach [417[42F
I ghis approach he voltaze conmol loop is designad 0
achieve fast dynamic fasponse snd disnobance rejecion,
surpassing the performance of clsssical Proportomal-
Intezral (PT)control.

The requirsteents for 3 nucrogmd mipically include
system performance, and smbility, fexibiliny, power
mquality and sman grid capabilites. :

These objectives can be achieved throush the
implermentstion of local consrollers i the imferfaced
devices, such as power coaventers. Therefora, this paper
specifically focuses oo the local confrol of G5GFm
PoWET comverters in an islanded micrognid system.
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loops.  Additionalby
Jmoam for ifs simplicity,
‘end adistpent The primary conmel loops amploys a

-droop conmol,

Alrernatively, a robust comtmol lgorithm is adopeed for
aczscaded Control scheme of G5GEM power conveTters.
The desigmed method iz & 5TA coofrollers-based
cascade voltage and coorent resnisten boop for mvo-level
three-phase (Z5GFm powsr comverans i a synchronons
rodating refetence frame iz proposed in this papes. This
mﬂfn{mmmprmmqslmmges, mchuding
fazter comtrol rTespomse for dymamic systems and
achisving zere steady-stite macking emer imoboth the
mer corment resulation snd the outer veltags regulancn
e propesad STA alsorifhm is

Tobimess, essy to inplemens

droop conmol approsch to generate the mafrence signals

Sfor volmze fequency and smplinede. These- reference

sigmals e essantis] for the Iocal fontrol of the GSGFm
POWED Comvermers within the mikrorRd By enploying
an - isdanded  microgrid sysEm can
effectively meaintsin geability and balance by resulating
the exchanme of sctive snd reacfive power. The dasiza
procedure for & contmoller based on the Super-Twisdne
Sliding - Mode Commol (STSMC) spproach. opically
irvelves the following stepe Firsly the choice of slidine
memfolds iz introdaced to address the macking sor, and
it i typically. desizmed to schieve the dasived system
2

Finally, the control law iz designed m jorder to
gunasamies the system. siate Tajeciories conVEIEence 1o
gZero in fimte Gme and stays there. In this spproach, the
esteance condition of the SMC involves considennz the
Brse-time desvanve of a L ¢ fmcmen, which

-shiondd e megatve. In addition, the controller paamarar

of.a STA slzomthm dor venfving the condifion is
designed a5 procedure given m {357, [36].

The conmibution @5 crzanized as foliows. In the nen
section, the mathematical moded of the Voltage Source
Comverter (W5} conmected tothe unlity zrid throngh the
LCL fifter is presented Jn Secvion IT the droop control
spprosch i disomsed  The  proposed conmol

-methedology, which fmvolves the desizn of a super-

rasting cliding mode conmoller for a GSGFm power
convester, is descmbed in Section IV and the simunlxton
and experimeantzl resaits are disomsed m Section V.

Finally, Secion VI will prowvide the coaclasion
remaris
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5. Enenghhacha, 5. Khongoi

I Mathemarical Model

In pepmerzl = nypical equEvalens cirome of a three—phace
three-wire power clecromic comverer imvolves  the
mterface of Dismibuted Gensrstion (DIF) unit with the
utility end throoigh an LCL filter. The LCL flter
comprises. the mwvemer-side indwctances (L), the Slter
capacitors (Y], and the grid-side mductances (L:). When
ﬂnLCLﬁlm:stmTuEdfMLbemdlmmnfmmmg
barmomics, the elecmical & ‘Bepicting
confisuration can be found A Fiz. 2 B}'M&E}Iﬂg’ﬂi&
LCL fikter in conjunction it Eirchhoff's volmgs and
omrent lsws, fhe  cofresponding  equations cap be
exprassed as follows:

T o] 3

ﬂ, (- o [ o

L‘E ﬁal- L |I—R:| T;a 3 l
2l Lv]
4

=] =] ]‘4 Al
d i3 ~a o

L!EE =1V ‘l‘x.l.: .&]‘! 4 L
'_{:-'._1 ;"’wj J_jz_l |7p‘
-1 \ P
— 0 — @ 13
- 5 o8
1 B

o o\ = A A

o Q-

‘1*' k1 v/’ 9
iy | | L L
@iy | g Li, COVER WRYN

Ve ; 3

i‘ﬂv T - o 0 T

i e For
1
“m, 0 o Fir (1}

v.i:a'ex,_ﬂ,—{mh,j"mdu fi; 1) Erethe
cormespoading d:e".-'SCmqu!Emiml mhguni
outpis Crorents in e SERE, vea = (vpn vim) and foay =
(i, L—u‘-}rmthecmespmdinggﬂd-mhwlugﬁmi
outents @ the SEREF, wdp = (e V) e the
comesponding emuns] voltsges I the fler capacitors im
the SRRF and @y, rapresens the fndsmenfsl angulsr
frequency of the utility andwolmge, respectively. In this
propesed approach o AC fier wath an LCT Shter
confizuration & applied The commolled plant model G
e represented by @ third-onder mansfer fimction [43]. o
the propesed control spproach, the parallel capacitor
the I CL flter confimeation i= neglectad As 3 reslt, the
controlled plant modsl of the LCL filter for the desizn of
the current conmaol loop can be simplified to 8 first-order
ransfes fimcnon, somlar to L-type flter converters: [44]

Thms, the total outpar flter parameters {resistance and

Ciopright © 2003 Proe Warthy Frize Sri - AL vighni reverved
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WhEre vrake = (W, Vo, Vo) and hse = (i T#. i)’ are the
Irverier outpat teominal volizzes and the imverfer oup
CIETROES, Washe = Vi, Yok, Vo) 578 the ferrmins] voltage n
the filter CAPACIHANS, Vo ah: = (pa, Vg, Vgl 800 fote = (oo,
i, T¥ are the grid-side voltages and the prid-side
cmrems, Liaim (Lo, Lis, Lic) and Bo = (Reia, Rus,
.Ru} are the imerter-side mductances and resistEces,
I3 = (L, v, To¥oand R = (Roe, Rize, Rz’ ame the
Frid-side inducrances md resistances and Gy = (Ca, Ca,
) aTe the tapacitance: of the LCT filtes, respactvely
The voltzge and the oument eguations of a three-phase
E’ELwﬂth[lﬂwnsmmbemssedmﬂx
symchronpis romine referance frame Thess equations
are developed bezed an Clark's and Park's “mEnsformation
‘theary, “which 1 the concept of the Voltage-Oriensed
Coneral (VOC) mathod [43]: Therefore, the mathematical
medel of the VSE mith an LCL Sher in the SERFE can be
“enpreszed as follows, in Eq. (4):

8
el gt lape s
e :
s D
\V0 A fine e
N 1
RS P Li off ™ @
Fas |l g g ¥l
Al Bt o ol g }1— [ ¥ar
107 e G
o 0o &
f |09 0 |
£l

hmﬁme}ﬂfﬁem-fype filter can be gppromimated
a3 those of an L-type filter can be expres: as Tollows:

L-LsL )
By =y + Bjin (9

where L gnd R e the sor] mductnce and the tosal
mmcanﬂheﬂwmm respectively. Based oo
Fiz. 7%it can he;sssumed thar the power comverter is
interficed. fdwonzh s oupar LOL fiter that can be
‘zpprorimarad s 5n I-type filter snd based an Eqs. (3)
and {6 Thus, the dynaouc of the mductor volmge for
desisn of the cument regulator can be express as follows:

L4

pLE =—Ri o —do L . ¥

'-_.,,l.r _1",_# {'-"J
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Moreover, m order to conmol the DT signsls m the
wolmge repuladon loop, the dynamics of the capacitor
current can be exgpress as follows:

d ’ ;
Cy Fr""" =J0 OV e — Ty +F (&)

where el s and eCinvede are the cooss-compling temms
of volmge and qorent aquations in the J-axis and g-axis,

II. Drosp Control Approach

The dzoop comtrol method is #n approech. based on
local mepsurements of the nerwork [4], [12] The
megswmed values of the insfamtaneons scave power | )
‘md Feactive power [0 can be calenlstad based on tha
oo voltage {‘i'.,.:.,}mi CULITEt (L, 4p) COMPonents in the
mynchronons romnine reference frme: Expressions (2)
and (10) can be written as follows:

)]

SEE

§ ey 4 - A
P--binth Gl o

where TPF 1 empleyed for the mingation of harmomics
and e, is the established cus-of snpular fequency of the
low-pas: fltess [LO]. The powesbasad control sootesy
nnlizes. real and zeactive power loop: conal for each
G5GFm power convertsr, & droop conmol
scheme (4], [5] Thdmnpcm&hwmpum
elecromic - systems  erigmates. from the  droop
characieqstics of synchfpoous gensmors connected o
the ity grid [15], [16]. From the same prnciple, the

leverages the actve power-fiequency (P-4 and reacove
power-volmze {O-F) droop characteristics, which are
indeed opposite to the characienistics of synchromous
generators [15]), [14]. The sdventsge of droop-based
approach is that it sllows each DG umit to comdrol
imdependenfly the active and reactive power myected mto
the merwork. In the case of islanding mricrogrids. where
the ufility grid is absent the micwoend operates in an
amonomous mode. I this operating mode, the nucresrid
adiusts the powsr injection or absorption wirtkia i owm
System to mintan the fequency and voltage smplimde
at the POCodn thetgrid-comacted mode, the tertary
conmoller employs e dooop conmol appreach o mensgs
‘power fow at the PCC, facilitating the import or export
of sherzy to the uofility grid Thetefors, comveational
droop conmol has proven o hesm'cusfiﬂ m these mwo
scenarios _and” oo ecgential platfonm for & goeart-
MioogTd: soemanie D xddition, the: dropp approech-
based Tocal conmoller serves a: a suitsble selution for
ImpiSmentine A decentralized coutrol archisechme and
Ensuming active and.sescive powsr shanpg-smons the
Dy wmits within the microzzid The conmol of power
fiow &t the microgrid PCC based on droop conmol is
mﬂeh’mpmlndmﬁelrmme[ﬁ {127, [13]. [16]. The
drogpeng  bahmior | associates . active. power | with
fraguency and reactive power with veltage amplituda.

- Thes behavior can be expreszed as folloas:

a-a' -k, [F-F| an

ESETE0 O 1y

wihere orand £ are the acmes] frequency snd smphmde
volege valies, @' and F are the Sequency and voltage
setpmntwllﬁ.Pmdﬂmﬂ:em'eardmm

power cutput of the VIC, P’ and O ame the scive and |

m‘t'epmetsapﬁuxw}ues 0] Ber Al K gre the gain
parameters for droap comtral, speciScally for sctive and

droop coatrol trathed 1s applied to contol Dustmibuted | eariva power, Tespectivaly
Generaton. (EG}-M TOET elecfronic intaraces Y LPE
P -.l;".. I'-'J-,lé'
¥ i
R VR 7 WP ) 12 e T LY
[‘35 "i‘:?&-i--‘-g [E‘E W:??I -I:__'—g
- _E_
Fie T g a9 Q.
Fig 3. F-w and (-~ droop chaachmsac
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L

abec

Fig. 4 Tha vmacturs of the proposed 5TA alzoritiey ioplamerration within 2 vecsor contrdllar for the GG powwr carmeer

A comventional dvoop charsctaristic (P amd O-E)
tased on Eqs. (11} and (12} can be ilhierated m Fig 3.In
the: dmop confrol methed, it acts as 3 salfesnlation
dﬂmﬁrﬂnDGumLBQmmg‘buﬂtdmmem
mxuwpmﬁmgmbﬂedmﬁ:emﬂrmp
omve and voltzpe droop curve, fespecovely. When
considering fhe melatonzhip of acive powerequency
and TescOve powersoltge doop Characteristcs, toesa
relationships are dependent on e drooy zains £, aod k.,
respectively [12], [15]. T a decentralized commol
approach for am mutonomous nucrosd - mesintEmnE @
constant ot volzze and coomelling the AC oumn
cirTent sTe essephal objectves M oAD MEODOINOUS
mitroprid. Therefore; the | droop comfrg] stmbesy will
detemmine the frequency snd the voltage reference
commisndad for 3 cascade commol scherms with the inner
welige and curent“ooaal loops, Moreover, the droop
control mesthod operstes entirely-as & primary. control
l=vel based om wirsles: conmollers Dhis o itz self-
regmistion capsbilines, the dwoop confol  method
guaramees relisbla, fiexible, snd soomate opsmtion of &
microprid gystem - Additenaily, the droop commol
strategy 5@ dependable amd widaly enploved approech
in micrognids. proving
srid-connected modes [133[15].

IV. Proposed Control Methodelogy
In zeners] the supsr-masting algonthm = recogmized

as & coptol methodology valued for fts robumsme:s.
acouracy in differentiation. and as sn altemative means o

Capirighr © JUIE Pradse Worshy Fris Sel - Al rghn reserved
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mufizats. charering effects [35], [34]. Inthis section. dhe
ETA is apphed o the woltage and Correnf rezulstion
looge of the GSGFm pewer comvarer in en islanded
migognd In an sutonomous micogrids the powsr
comverter's behavior is typically opemed @ 2 voltage
sonrced mede to mamizin the Seguency and amplinds of
the voliage in the mucognd network, which wall
sccopding o s P verme woand O versis E droop
charsctenisics [15] Comversely, when 3 nucrogmid
operates I Frid-commected mode, the power comverter is

-mindelled 2 8 carent-seurced mode o deliver sctve and

Eachve power to the ntlity end The local conmol Teop
15 respoasible for conrolling the voltage aod ourent
ot of the GSGFm power coaverter. Therefore the
GEGFm power convertar can be nilized in both fslanded

‘mnd grid-connected modes, and this veratlity is the

primeary objective of its operadon For the lowest layer,
Level Zerg, in the haerarchical central smachire, it entails
e Tocal conmol of the power cooveres [12] The
operation of the power COMVETtes 1 3 MMcToETId system is
of paramoumt importance [ gesrantesing the afficency,
stability, and relisbility of the endre system
Furthemmors. the @pper levels of control im a3
hisparchical copmof st offen mly oo the
effectivensss of the voliage and owren: repulstion loops,
demanding bath 1apid respoase and consistems steady-
state. perfommnce. [34]. Hence, the proposed approach
employs e Super-Twisting Alsomtin: (STA) for
desisning the local voltage and ooren conoollers within
the power convertar. Whan the omrent resalamne loop is
desizmed based on the Super-Twisting Algorithm (STA)
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1t con provide f3st macking of the oument eférence and
minimize stesdy-state emor effectvely. Similarly, when
the voltage wacking emor iz designad based on the STA
it suarantess fast comvergence of the ermor benwesn the
desired reference walues {1.s" 2nd v,,") and the acmal
valwes (v and veg), Tespectively. Fig 4 illusmares the
overall conmol block dEagram of the proposed commoi
methodology. The confrol scheme consists of wo mam
components: the power regulstor and the inner resulstor
of the power comverter. The power conmrol Toop adopt= 3
droop conrrol method which ensires mdependent contTol
of both res] and reactive power mnd facilitates 2 powez-
charing scheme. T addition the powsr coamol loop
provides the frequency and volmge amplinide references
to the WSC's local cootal loop, aiming to achievs
operaional choracteristics  similar e ghose of 2
synchromons ganerstor Withines cascaded volsze and
curTent control smuCre designed tased on-n Super-
Twisting Alzorithm (STA), 2 robuss comtrol alzoritim
csnbem:plmmdmachmmpdm:puns&smd
enhance tie Tansiem behmiior Furtbemwre. the STA
conmeller & a nmb;l.earmmulalgmﬂim:hmnﬁm
mhut:molpumeﬁlsrmmmm
dynamics and distarbances [35]. [36]. [45].

dFI, A Siper-Twisting disorithm

In ordes 1o desiza Slhidins Mode Contrel (330 for
steps are . mypicslly required cim the general SKAC
techmique; These steps are s fullows. In the first step, 2
swifching surfacs s defivad, withthe primary objactites
of direcung de stats Tajecionss of te conrelled system
towards the shiding mmfice o @ Goie Gme and
meintatning them there. Tn the second step, the control
law 15 desisned {32]. The conmol lxw 1= designed to
ensure het the siae mEeciones of e system feach the
sliding surface within a finite He znd s=nsin oo the
sliding surface consistent’y. Tn zeneral when sssessing 3
dynamic sysTem

&)= A{ x| B £eju {15

yi=aixr] 4
where ‘v is the slidine vagsble. ¥ iz e sEE varsbis
wecior, 165 the control veriable; § vs fhe mmptef the
gyztem and the pemmatars (4 and B) comobe maped
accordme 1o the positive consmant C, D, Dig, Ei., 7 aod
the following comdition [33]. [45]

|4+&, [8l<c. veD 2B 20,

Al
< e DOk
|E| i 7

The second-order Sliding Mode Conmol (S-MCJ
algonithm represents & LiFifCant provemeTt over the
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clagsical 5MC method effecovely nubzaong chemenns
effects and providing eshanced robusmess. Hence the
secomd-oeder shding mode comtol slgorithme has
demonstated s effectiveness as a visble solurbon for
onmerons comirol applications; as proposed in Htemnire
[35]. [45] The misting, supsr-taisung, and quast super-
mistine algorithees sm widely recommized second-order
sliding mode conmol echnigues that expsnd npon the
principlas of second-onder shding mode theory [45] This
paper imtmodnces 3 wecond-order shidimp mode control
‘based on the super-twisting algorithm Thersfore, the
super-twisting slidme mode control 1w con be caloalated
by using the following squation:
" T
g ;zg;rf.a}—_[t;ngm(s]ﬂ: (15)
i

where L is the conmol law which used in the conroliar
design, & and K aze the posinve shidme surface constan:

\Eins [45] selected a5

SHE A T I_-j':—d. BEnE0s
n

whare 4 and K. are’the conemnt gainc, and L. is the

‘fracnon of 4 aud o=

532 | A Super-Twisfing Alzariiim
of The Crrrimt Rgsufation Loy
Tn this secfion, @ fast TespORSE MMEr CUMent-Ccontrol
loop i inplemented by usiig fwe super-mwisomg sliding
mode contollers under the Voltage-Onented “Control
omrent regulater for the VEC is fo mrarntes the optimal

‘pEsfonmance of the power cemverter. Due o s STA
slzorithm being 3 ponlinesr fimite-fime version of the

maditions]l Pl regulator [46). Hence, it can serve g5 3
dmrect suhsringe for. the P contoller within' the VOC
imeticd  The (block . diseram of the STA owrens
epilstion toops is depictedm Figs. 5.

Figs. 5. Tha strachme of 3 STA for curret
Tegulsfion loop: (2} duaxi. (b} g-amis
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The procedurs for desizmneg a ST-38C-based cumen:
conoller m dg-ads i as follows, in this appreach in
order to define macking emror of dhaxis oument and g-gnds
curzent Thus, the switthing surface defimition fmrolves
the error between the reference current vahue and the real
omrent valne which defines the dynamics of the sysem
[33]. [36]. When 3 systern 1= conmfmolled by & cupes-
twisting =lidme-mode controller, the state majectores of
the conmolled systern are doven towards and copverze o
the origin in & twisting manner [36], [45]. which =oal is
to drive the sliding modeionio the manifold (o). Thus, the
switching surfaces sre defined a3 followws:

()

- L
O =iyl ==y =

e A AN

where [ouw G e the Siding: maniiolds for the direct
and quadsanire ourrens, [ifed q.]’:u'e the reference ciETemE
variables and [7 ] are the acrus] curmens vanables.

Arcording w Eqs, (146 zuifi?J, when differ=ntisnng
the switching fimction znd the derivatives of the sliding
mamifnlds are zero sinmitneonshy, iryields:

e e
=i
==/ _:_;-' e24]
7- Ef—'ﬁri“,. s Li =Y g +v, =0
Vi = Vi BTy =0, Ly ¥ F Ly
L s
ra
i;'_? Bk
= ." ': i
| At -
il _E‘_.RIJM _B;I:IH' _1':q-+1.nr J—ﬂ

Vgl =R, o Dy s S LT,

g

8 L]

Hasedion Eq. {18) and (19, the time derivative of the
sliding memifglds G, = 0 ad o, = 0 8s Tezult, the new
vamsbles for ’El.ed—va;kiq-cmpmmnsufﬁ!mﬁarm
voltnge ' and v° which are used to detenmine the
control of the stats varizbles in dg-axs (L and i) 451
[46], wislds.

Vi =Ry — 0t VLl =Uy (20

-.-:I —Ri s Li o+, +I!!:? =T, 1)

Batad on Eq. (7) the dymamics of the voltage ar the
mdunctor filter L. can be exprassad ag follows:

Capuright © 073 Pratre Worthy Frize 5. -4l righn reseried
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'mdﬂﬁmtﬂ

d . :
L e Rl + @ Ll —Vog ¥y 22y
d . ; g e i
o it =i, =0, Li, = +V, (23)

By substituting the expressions for L7, :n:uiLi

ifoom Eqs. (22) and {23) mto Egz. {20 and (21), T.hevcan
<& TewTitmen & follows.
vl = Riy=o, L, -

R S LR W PSR =Ty 29

*
Vi =¥, =Ly

Vi =R, o, Loy~
-k e —ﬂgf.‘:'d Y j—I_.-’q 25

1,'—1' =T

 Howr, the control Smctons for D and T caa be
Eq. {15), Thme, the confral mpats L and Ly for oument
mgﬂnmmﬂamgﬂns:permgaimmbe
eepraszed methe following formn:

U=~ ,..a]%lﬁ-ﬂ'zﬂ(;ﬁ.; +

—jat,g sigale, g

Ulv. . ¥ _tmi' Il:_sqlﬂsr'gn [ Fig ] R

¥
—_!'I;,,r signiay,
wihera Boui, bae. Budand Koy aTe positive constant'gains that

the comvergence iof fhe state
majectaries [43], system stebility and make sure when the

“condition 15 sanisfiad. vields:

F=tlxjolx)<d (28)

whara F represgnts the Hmt-tme dervadve of the
Lyapsmay fimctions Eor ﬁii}m:xl and F = the
Lyvapmov fimctions proposed m [31]:

!.:;I;I}u-{x':l_ —z [L‘Im,1 |v.7,,-,|! " g O,

‘ 1 28)
+!1‘,,_;F.:fgﬂl: Ty | a‘.—J <4
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By considerine Eq. {29), whare gelysizmoey) = 0 and
Btz and Fadg = 0, Tespectively, the condition is achieved

Finally, v"u and v'y are the g-axiz and g-axis voitags
references for the V3C-based Space Vector Modulstion
(5VA modulation techniques fom the 5TA comrelled
currant czn be express as.

1:,- =L~ Ly + ¥ 30

1-I'v = s L, i LE3b]
where [+ v'5) are fhe voltage references for the VEC,
[L% i) represeat the commol signals, iw'és]” are the
actoal omrent vanisbles, v, ]’ e the actul yoltage
vanables; 3, is the fmdsmental angulsr frequency and L)
iz the filter inductance mespactvaly,

IVi 4 Bper-Twistine_Algeriim

af The-FVeitage Regulation Loop
In order to design the ower veltaze conrmoller with
zeto steady-state emer a STA is. commonly implemented
i synchronous romnng Teference frame. The main
d:]echwnfdaﬂm!heﬂdﬂmeﬁmﬁﬂgyhm&uﬂ
the 5TA alsorithm for the outer-Jnop woltaze conmol is fo
achigve scowate gackine of the - and g- axis voltags
vector _eferences The block .dizgram of 4he 5TA
cmﬂaaﬁm&ﬁnﬁﬂmﬁﬂ\mmmhqns
dmewared in Figs 8 In tha vector coomol-hased 5T-
S\ﬂmamﬁqmmd}mmdﬂnimm
:apmummmma‘qcmd:mt&;hunh&dmﬂl
analysis and desien-of the outer-loop volage controflar
i:r:iei'SCmﬂlmLCLﬁJErsuimheupzﬁs&iﬂ

follms)

t'; O =Ty sl [z
v
o f—\-—ﬂ TV =gy 33

Fig. €. The structurs of a STA for voltaam
Tegnlacion feop (3] d-ads. (k) g-axts

Copyrighe © 2020 Probee Wordy Prize Sl - Al rights reserved

In thic desien process, the first step is to select the
shiding memifiolds for oacking the ouat voltage emmars.
These slidme manifalds are defined as follows:

? o

Gy=v =V == -t (3
- -

Cog _1.*,—1"[-IJ=:>1_,T - 33

wihere [owd Gl are the sliding manifolds for the-dig-axis

voltags, E\'- V'] are the reforence valmee varshles

and [vaftieg]” arethe actual voltaze variables. New, the
conmal law i= desizmed bated oo the ome darvagves of
the sliding nunifolds: By considering gz {34) and (35),
the Brgt-time derivatives of tha shiding mamifolds | &,

and & | canbededured as follows:

=0
PO
7._1*; - l

_—{m C‘;l: -

= (384)
L+ =0
ﬂ e

Pyl h,—m{i‘ﬂ'ﬂf +O4

"1“. -Iqq—
Ny
|ooR e~

- = .
fog =Ty =il +0,C Vs O 0,

4 +:;|_:|—ﬂ

In ‘thiz approsch, by wlimng the classical STA
MMMMJMﬂﬁzmm
of o temms: 3 discomfoaons conmol pan and a3
coRdiuoas control part The objective of this control law

i3 10 enforce both the shiding varisble and iy first-time

dermvative to comverse 1o the oriEin withm & fiite tims.
The voltsge conmal leop i dgaxds wmder super-
isting contraller can be designed by comsidersd of the
first-ume derivative of the sbidme manifolds [35]. [36]
5] 46T "'he conrol law {({%w and U} con be Ziven
under O, =G, =, Thessfore, based on Eqs, (36) and

{37}, thed- mdq{mmmofﬂtmﬂamnmﬂr
and £, ot be nrilized i defemtine the vandables L and
[ as follows

0 =ig—a, 0y

+C%,, =00, (38)

(38}

v

» . -
By =g+, 0V + Ol =T

Based o Eqs. (38) amd (3%). €%, &d €, ame
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the dmantic mode] of the filter capacitor omreat in the
dg-axis can be obtained. These models are derived fom
Eq: (37) and (33). respectively. Therefore, by replacing
Eg (3 with ©yv,y in Eq (38), and replacinz Eq. (33)
with € ¢, mEq. {39, it follows that

S GE . " i
Ry =l —m Oy e T~ +ip =T,

=R o)
Ty =iy =L

: - —ﬁ,cr";d“'

T{a—mac‘,;'p_u. — oy g 1= T, g #1)

iy =i, =L

When the final smucnure of e conmol law L5 and Ty
hcmlb&d—m&ma:ﬂg—mmmpmﬂtof
the voltage tackime loop under the super-twisting
alzorithm and-sccording 1o Bg (15]. 1t can be writtem
the formy:

Uy =k foo| " s, )=
Jrcrloah
i)

Gty (s )+
: 43)

The positive COnstant FAMS K, ks, b 800 ke 878
based an STA alzosithm designad a5 [45]. By dafinition,
F itis the stability condition for SMC can be defined as
follows:

F=oix)o(x)<o &)

If ofx} = 0 and the cosfrol sysem is stable, it indicates
‘that Eg. (M} is sxncSed [20], [45], [46]. Tharefore:

S m Gty o |51 ()=
(25)

"'_[l"r-h sign| o,y p‘r] w0

based mnEq. (45), Where .. Tigw(T) =0 and &, and
Foag = T el s Conadition & achieved) rference oupm
omres (e amd i) for the currens resulation loop from

.fhe STA controlling wolteme of the V5O cen be express
s

i :! =L- mgcfil'lw gy [46)

Er¥ase O, &

IM{I.F‘:‘TWMMME&I&

WEC, [ Lig]" represent the control simsls, (4. i) are
mmmmfmm] are the -actal
voltsge  veriables, e is the fmdsmentsl angubar
ﬁﬁ{mvadﬁﬁﬂnﬁ]ﬁzmmip&mﬂy.
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V. Simulation and Experimental
Validations

Thiz szecoon  presents the smmstion and  the
experimental msults o validate the proposed comirol
methodology. Fig 7 illostrates the experiments] platform
constructed m the baborasory, which has been utilized o
est the conmol methodology. In order fo venfy the
effectiveness of the propesed contzol spprosch, 3
standalons tires-phsse pOWer colvester system based on
an LCL filter has been utilized a5 thecontrolled objact

Fd0 Simularion Results

In thiz sarfion several mmmum results have Desm
comied ont in  MATEAR Simnlink “Mﬂanmiﬂse
simmistion results are chown inFigs, §-13 rmmia'm
confimm the performance of the m-based conmot
stratezy and the Pl-based conmmol sraesy o the presence
of isiandime m the oucrozmds The simmlstion resulis
presented i this mhmehmnhmnﬁdhvmmgm.
active power of 243 Wand 3 reactve power of 516 WAz,

Additionally, during the mifial staze of the' simmlagon
the V5C bas njected both active and reactive powes imwn
the systamn. When comparing Fizs. 8{3) aad (b) and Figs,

-ﬁ.:- oo B> A 2
Lrarm \
A (\\'- ‘! ¢ :l
= 7 4 g [
: B | | 4 i)
E e :J 1 - ! ' '|
3 A AN
‘.%_ LUH ,I i hac 1o M) gesd CERTERE l-lii
) A IS AR
WII-J L & |
‘
||_l.|’|J
gl N W . SN AR g
[
i L RN L
- =
ARy T T, 4 J I
! wf I
' '!r\ ] | ?‘ 'F" :I: "q‘ ‘
: f AR\ S
g ) ' T v
— ¥/ 1A
g II'xJ b "‘ i\ A | Yl
A y Y \ [ '
W\ RV
. Ny
{<h

Figs. §. Somelwiicn mauls of the VEC emient

Ba) and {b). winch depict the transient response of the
ctive ‘amd reactive power, it becomss spparent that the
sysiem employing the 5TA conmrol smatepy exhibits
significanthy less imifial overshoot in bodh scove and
Teactve power compared to the comentional controller.

When companne the proposed 5MC-based STA
conaot method and the system wing FI conmol, it can be
obzamved that the sctve power overshoods around 500 W
and the reactive power overshoots anoumd 45 VAr when
employing the SMC-based 5TA conmol method

COm the other hand fthe system wsing PI control
exhibity An-achve power overshoot of spprormately 545
W and a reactive pogwer overshoot of arowmd 675 VAr. In

/Fig' B(c), the simmlaton resols show the V5O currents

Lo, L and o for the system emploding the conventional
current contol srategy. It can be observed thar st r=
&ﬂﬂ&s,ﬂ:emmmcumiampﬂmiﬁoflgreatms
spprowimtely 3.6 A while tHe. mEwmom  curent
.nmm_niigmma—?ﬂﬁ.i Sinukady, a3 depicted in
Fir %), the smwlation resuls ilwsmete the VSO
oy I s, and Jowhen uilizing the STA conmoller

The mamsienmt respomse of the cEvent L feaches
maxipimn smplimde of approcmstely 34 A wiis &
reaches-2, T A

TS S

INAT” P TRV,
I g =B

B T T O T T T LT

o7 the myviee usiny tie clnical conmoller

i) acthve power (b)) reacthve powrer (¢ camant [y, (D volags Ve
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of the STA

o Redriascy
p—

Asrwesa v iiage bow basg
RS R AR

5%, G 00 T 04

ler winzh meulmdﬂnmudahm

Fpoll: Sumnl.l!l:-mﬂh of 8

traciong pai
tn}mth}rnﬁmmhm{:}m_d-mmmmrﬂ

E\romnpannglﬁgi Sic) amd o), 1vcam banonced
that the STA  conwoller | demomskrates superior
performance in renme of the wansient respouse for the
cazents-l, T, ‘and L. The amplimdes of @e cumens o
the “case of the STA comroller are smaller than those
observed with the BT controller. Jn Figs. Bd) and Fig
Ofd). the sinmilatiam, feculfe display the VSO terminal
woligges F:, Fioand F- These resulis serve as a case
smdy o Hﬂf}ﬂneﬁ:ﬂtmsuﬁtﬁepﬂpﬂﬂimﬂ!
mmmmmhmm
conventonal PI conmoller. ‘Simmlarty. . the case: stody
presemfed in Figs. :Eli@) .and 11{1} lsrates  the
simmmlarion resul for the Fequencies of die VS0, which
are estimated by nsing a droop conwel and 2’ Phase-
Iﬂ:kedlmpﬂ!l}ﬂcanbetﬁ:mdﬂmﬂnm
mfﬁemﬁdﬁwﬁuma%&
Locked Loop (PIL) By comparing Figs. 10z) and
I1{a). i com be noted that ‘the proposed control srategy
exhibits 2 less pronommced tnsiens eepokse dunng e
m.ualphasecnmpmsuﬂul’l:mﬂ& Tn Figs. 1000
and 1L(W), dumme the reforence’ mackins fest &
cmlpansnnum&aiehemem!ﬁegmwmufﬂw
voliage reference in the dheds. It can be observed that
when nsmg the STA-voliage contolier, the acmeal
voliaze macks the refersnce voltaze at £ = 0002 =
whareas when nsmg the Pl-voltage comtroller, the scmal

Copurighe © 2003 Prode Wardgy Frize S - Al sighs reverwed'
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volmge macks the reference woltsge s a lafer mme

“specifically at.f = D012 = W Fiz 11(c), it should be

noted thét at 7 = 1001 =, the achual current of the d-ads
dmaﬂymﬂsﬂnmfenmmmu:ﬂmmgﬂa"ﬂﬂ.
conmoller for cwrent conrol Comversely, Fiz 10i)
Fﬁaﬂﬁﬂusmiaumm;nhsnfﬂm‘bsgmamsmﬂn
d-asds. It cam be obsarved that =t ¢ = 02025 3, the actaal
cumEnt siams o track the reference ommemr whea
‘erploying the P controlier for current conmol

{'mmm_'ﬂa's TONE) and 11{c) firther confirms the
fvomble perforrunsce of the STA contoller i tams of
refersnce madking Additionally, observing Figs, 10(d)
znd 11, it can be notced that both the propesed STA
conollar snd the comventipnal comtrol somtegy imitate
the acmal ourren: wacking the reference curens at around
7 = 00014 = Copsaquently h-ndi coamral sTatemes
demonsmate 8 sumilarstarting poin: for the macking of
the g-compansat of the W5C omrent

o Experimental Analysis

In order to venfy the effectveness of the proposed
coomol smaregy, experimental resuls will be compared
‘beraeen the system ubilizng the SMC-based 5TA contrel
and the PI comfrol The specifications of the power
comvester sre displaved in Table T

drernariona! Bedee of Elecaion Enganeering. Vol 18§ 3
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%dhmmmbM1mm

2= wrvebom (b cerant envednmm (g}
g steadrann

i Eﬁna-nal pmﬂp]i}‘
#{hmxm dnmydwmmmmm nct{,ﬂ mﬂ'm namkgn-nﬁm

The experimesal setup, for the hevdware indhelogp
mm:hnmnfﬂ:ﬁmmssshﬂmmﬁgv
mhmmmm
DSP conirol beard three-phase VSE through the TCL
filter, Textromix voltage differendal probe PSI00A
Textromix clamp oo probe  AG2Z, dizital phosphor
cecilloscope Texmondx MIMI3024. Hall-effect voltage

Capprighr © 2023 Fraiss. Wardy Prize Srd - Al ngho severved

mmmmﬂmﬂm&mﬂmﬂm
muaswﬂreghnp!vulmge and current signals which
i then fed jnto the analog-to-digital (AD) module for
.cabculated m the SEF by digitzl sizmal controller. The
conmol loop of the VEC = used in simmlations and
programmed on the LATUNCHYT -F2ZETOD 32-bit digital
sigmal processor board from Texss Insmuments

insernanional Bevice of Edecriond Engaseering, Vol Jx, 8.3
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The sapling and switchme fequency are chosen o
be 20 kHz In this secton the transient parformance of
the system iz evalusted through caze smdies. Figs. 12(a),
1B, B{:_},mﬂﬂ@:}pﬁmtﬂ!mmmm'
the voltage and rurrend when operatine mder an
amtonemons microgrid subjected to a step change in load
from 426 W to 6530 W. From 3 compreben:ive analysis of
the mansisnf rasponse teste. 1t is evident thar the proposad
control sirategy surpasses the comventional comfrol

= T S —

iy

—,. T\ ]
‘E"’—J—l-

STAteZy 10 terms of Tansient et overshoot..
Comparing Figz. 12(b) and 13{b) provides 3 zootmad-
in view of the ViC-side current I during stepped-np
load changes. Tt iz appsrent that under the 5TA contol
anplimde comens up to § A which = lowsr than the
mazinnmn anplitnde cerents shom in Fig. 12(h), where
the current conmol leop umlizes the comeations] comtrol
approach snd eachesup 1o 8 A

Figs. 13. Trenisant d:'a]n\-ﬁc-mnh']mlpuﬂi commel

L gt
wasedorm (¢} and () Zocmed views of corant amd

Wme active powar
wolmgs nasdoom mm{n}n&ﬂh-nu current snd voltags

wavedorme

&uring

121

steadv-state (£) One-phase voltags and oumeet wnsions.
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TABLEL

B i THE MicR OO CONTROL-SyATEM Pa BAnETERS
Pamoetur Symshol Vs
Phusa-io-neama] vokege (FAME] P 10V

Db valtege Fa now

Homimal by frequency 4 30 Fir
Sampling Froquemoy X kF
Cozrrurtar-side indactamcs L 15 mH
Fibwr copaciance C 2587 pF
Gnd-ide mducance: La 1.2 i3
Propartonal fmqmancy droop ke CLoG1s

Proportional voltaps dooos i o

Thaing the test conducted. it is obsanved fom Figs
12{d) and 13(d) that as the current amplimdes ncrease,
the wvoltage ammplimdes tend to decrease. During both
ransient snd seady-stete condinens, Fig. 13(d) providas
3 zogmed-m view of the phase-fo-newtrzl voltage (Foyof
the VEC when the S8TA alzoritton i adopred m the
symem It can be observed that FL decresses fom its
mred value-of 100 Vims. Specifically. the valtzze drops
o around 97.0 Vrms durmg the -mapsient period and
stzbilizes af approsimstely 57 1V s in (e steady-stae.

In this case stedy, when the V5€ adopts | the
comventions] conmal m the system. Fig. 12(c) provides 3
zoomad-in view of the VSC-side voltzze Fo 0t cem be
observed that the anphmude of the deviapes from.
is nopral valoe and reduces ra 906 Vime dunng the
ransient period. In the sieady-saie, the voltaze remsins
relafmaly constant ar svcund: 4.7 Vime. Figs ].E{I:Hﬂ
and Figs. 13(c}(f) illusiate the frvormble performanca of
the propossd coamal Epproach during both rancient and
sready-state tasts. These fzmas display the ability of tha
;nposad&‘l'ﬁs.igpmhmm maintsin the stabiling of the
voltage and curmant aﬁm'th.ewsmuﬂmmd}
them the conventional control stategy. Figs. 12(Z) and
15{E). provide oscillosoope- screanshos Tstating the
steadvestate performmnce of the phase-s volmee amd
carrent“waveforms ‘for both the comventioas] coaol
wmmﬂﬂﬂpmgommmtwm

VI Conclusion

The presented methodology moduces 2 non-linesr
Shdimz Mode Controt (SMC) eppresch for - power
comvemers, operztng W the Grd- G-
FUmu.l;g mods (G5GFm). The tm]]:m[ :n.E&n{Solug}*
nolizes a-oltage-oriented conwol methed. within a
cmdﬂdmﬂnlschmmdhcwpmﬁ_:ﬂﬂﬁhﬂ}ﬁi
glzorithm  The ' SMC-STA Sloesthm s spacifically
dasinad to redure the chatering pheromenon effact and
docredse the, contergence tme macking of the voltage
A0 CEITEmE STRgrE in & conimol sypstem In addidon, the
propesed conmol methodolozy demonstretes in temns of 3
very simple stmchoe and easy mmplementation . The
conmrol system becedvon theSMC-STA slporithm i
mplemented on 3 2. 7-kVA power converisr profofype 1o
svaluae it steady-state snd dynarnic bebhmaor dunins the.
mupplving of aothe powsr mder pormal operanng
conditon:. The experimanta] results conchesively
demonstate the effectivensss. the robusmess, and the

Ciopurighr © T3 Pratie Worgn: Prize Sr - Al righn reserved'
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stability of the proposed conmol methedolozy m both
stegdy-state snd dymamme operaGonsl scemsrios when
comipared to the comrentonal PI conmollar.

This meseanch mivoduces a novel comrel smatezy for
GS5GFm power comveness, specifically the Super-
Twisting Shiding Mode Comzol (5T-5MC). The results
demomsirate it remarkeble rofmsmess and performance.

Hopetheless, whea the sysiem pammesers mderzo
vaniztons, it can sdversaly affect the performance of the
confrof, system Hemce, & super-twistmg  alzonthm
fteprazed with, 3 stste observer has been chown 1o
exhibit exceptional robusmess, even in the face of system
parAater and network varatons.
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and Grid-Forming Power Converter in

A Sliding Mode Control Strategy for a Grid-Supporting

5. Ehongkhachat. 5. Khomfer

Abstract — Thir paper presens a siiding mode control recimigue combined with voliaze
ortenteron for srd-nupporting amrd grid-fbeming (GEGFmE functon g power comeerter, used m
AC microgrid during irland operaiion. The robusmess shding mode conired method (SMC) can
provide seabiliny conirel system e fst dymamiic rezporce. Thergibre, a conmol [aw i designed
using sliding’ mode fechnigues, wisch is based on the combination of continuos and dizcrets
signals ie genermie the robusmess Sysiem from umceriainies and disnorbances. 4 sliding mode
conral approach & adopred i this paper in ovder 1o enkumeagor the mner contro! loops (Tevel 0
& tprove the dymamic respense of o lowest hierarchical Ievel based on droop remidared-
micragrids. The main offecenies of e proposed SMC rechnigue ane. to kedp froquency and
veltages ai wermal values, accending i the acoial real-regerne pover loadk ebserprion. SMC has
alze produced ihe referende fraquency ad the veltage sisnals, Thereupon, the dynamic froquency
and voltage-em be reguimed vtk a new control approach and can ;mmmm power raiiakilizy,
quintityand grficrency during this mode. Fimally, rie modai emd the controllor desig are validared
by simularion and experimental resuiz. The rasults 5 showihar the preposed SARC m:mwm be
implemeniad m @ GEEFm power comaer for AC micrastd. Copyright £ 3019 Praise Wordny
Prize Sor.l - Al rights reserved.

Keywords: Foirage-Oriented Conrol, Mmmam Grid-Suppornre ad Gred-
Forming {GFEFm), Povwer Comrrer, duwronemens A0 Microgrid:

Autonomous AC Microgrids

Nomenelature Tl T B Per-phase oupur curpenrs of the
AL
ahe frame HNamral reference frame. D demis and i ST
s Axis and g-axis SRE gwput
d}l‘ﬁm. Stationary reference frams 5 I
#ﬁm mmmm r'.,f,i'm -axds end o= SEE coment
jQL:: drogp Acmahww—l’-‘i:qumcym refetence commands
 droop Rt Do A
e  drvan 8 Fer-phinse grid-side omrzents
PP Goop Frequanicy-Actrve Power droop T i s end o-ame SRE mhd-side
w0 droop Voliage Feactive Dowa droop P
i Cuoff Gequency Ve ., T Per-phase tenminal valtazes of the
Af, AY Frequency and Amplinde voliage i T
= L i Aty s and goseis SEF terming]
iy 3 Diract and Chusdratre corrent voltages of the VEC
Yoy Vi Diract mnd Cheadrane voltage e dgaxic SRE equivalent comral
I H Freguency snd Voltaze Diroop signal
P ¢ gams : o Vel | d-axis and g-meis SR veltage
.0 ‘Ger pomis for real and reactive reference commands
BRI A\ \ Loy 1:‘,,'. Vg d-axis and g-axis SPF comtimons
PO Measured ragl and reaciive conmol siznals of the voltaze
% DTS reference commangs
fov Famd fequency and veltage W d-axis and g-anis SRE
Teferenca: : disComsimuons fontre] signals of
£ Actual frequency and anmplimde the vaoltagze referenre Commands
velage W Vi Y Fer-phase grid velmges
L R Oy Per-phace mductamce, r=sistance Vo Vo d-mis amd m SRF gmid
8 and capacitance of the LC filter volmzes
g Angular Zequancy ¥l ke ff-axis and g-ais SRE grid
g Fhiase Lack Loap outpus ansle woltaze reference commands
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F oy dg-amis SPF equivalent conrol
signal

7S d-axis and g-aos SRE cument
reference commands

P Py it and g-mris SEF consmons:
conrel mignals of te ourent
reference commeands

Fc i d-ais and g-zas SRE
dizconnomuons conmol sigmsls of
the ourment refsrence copumands

'3 The confrol law-based ShI voltage
conmeller

i The conmol lavw-based Sh amrent
controlier

£ Laplace oparatar

sEnix) Sigmem fimcmon

Sz Shiding manifold

S Time derivatve of sliding
raamfnld

Sie, Sde) Shiding mamifolds for conrolling
the direct and quadranme (uTent

Sle). S} Ehdmg memifalzs for conTalling
the ditect and quadratme voltzze

or Positve constants

O B 0 B g mmcnmml-letgmns i g
axit and g-mds

Ot B O Koy Shwoitsge conmoller ppine in d-

g anis and g-axs

HESS Bamery Enargy Storage System

ESS Encrzy Stomgs Systam

DG Distriburted Generaton

GFd Grid-Feeding

Fm Grid-Forming

GSGFG Grd-Supperting and Grid-
Feediz

GEGFm Grid-Supporming and Grid-

BT Insulated Cate Bipalar Trencistor

ISMPC Imdivect Sliding Mode Power
Copfrol |

LPE Liw-Pazs Filwer

v Eow-Veolnge

PCC Point of Conmron Compling

2 Proportionsl-Infesral

FuM Pulze-Tidth Modulzton

RES Benewsbla Enersy Svatam

SMC Slidme Mode Conirol

SRF Synchronous 'b‘_afxm:e Frame

5V Epace Vectar

THD Teaml H.ﬂ'mnm: Diztorton

VF I:lended operzdonal mode

Voo Tieltage-Omanted Conmal

Vsl Voliage-Sowre Comertar

I  Iniroduction

In racemt wears, the worldwide usz of remewsbls
enorgie:  hecincressed. cigmificamtly due o Vihe

Ciprighe © B ot Warsky Price Sed - Al rights reserued

mstoppable nuing demand of elecmeorty and the society

has remested for & green generation of electicity. Im

add.l.l:l.cm, nztursl resources smch as coal and zas are

facmg in emviron- mental concerms; dms, tus problem
conld be solved i diffevers solmtions [1]-2]. The
renewable enarzy sysems (FES:) represemt a relisble,
cost effective sltemanve and soviTonments] protection.
Generally, the most exploited renewsble somces am=
photovolic, wind power and hydroelectric. The power
eleciromic copverer 15 essenmal (DEIAC or ACTDCIACT)

in order to interface between FESs and 2 gnd [21-[4].
The intesration berween the dismibmed zemeratons

{DiGz) based on several fypes of BE%: and non-

renewable energy systems imo unlity smids require the

Dropes infermamon techmique and the smndards for

mmommgu&'DGstlmrgnﬂs[] Sevaral

advEncamant for  allowmg  the
interrommection of DG mits 1o the dismibution grid heve
been reperted m [4]. s shown that the demand of
decmds;smwp]a)mwmleo.flcw
voltzze L) distribution networks. Theeefore, promuicing

‘of sltmmative approache: i order 10'solve an imtegTation

of a larze shared of omlfiple DG s and associazed

loads 28 alocal grid is 2 microgrid (MG) [5}{7]. MG is a

mmﬁptdﬂwﬁqumm:om

& Betofadvamages in LV distribution s follows:

# an incrensed melishiliny and resibiemcy of the
cemralized power syiem

& the sszociztion of the local ors'and local loads;
thrus, reducad power losses in the elecmicity Tanspom.

» ihe capobility to controd the balance of the genezating
capacity and demond within'the: confinement of the
ncmgu.dnsdf,

» _he unit control izsues by, applying “ping-and-play’
cancepes; therafore, apy addidonsl DGe chould be
xﬂehmleﬁbrnmlmaumrfmmﬂn
adisribmion network
An enefgy storsge sysiEm (ESS) is the mam roles in

imicroggids; for instsnce, batteries (aspacially im lithiym,
Jiom technodogy),

and supper capacitor {3]. E55
mmagadnpﬂwﬂ]x:tmunsufmmmmnofﬂiﬁ

becauss the wgwadictabiline of the genersted powar

‘rated on intermirtent and fincreant, which ara namml, of
RES [5] A microgrid can'be amployed by one of two
medes, which inchade Srstly, the islanding opesation
‘mods and secomdly, the grid-connected gperation mode
[63-[7). In the pridconnected mode, the micreprid
voltige and Sequency values are imposed by the unlity
or mein grid;-tims; -the converter-ased microerids will
xlﬂamwm‘suzgmi-ﬁuhmgmew
‘conirol the Tesl snd rescive power exchanwad berween
FES and the uiility zrid. On the other hand, sn iskanding
{eutonormous) moda. a microgzid cen possibly supply a
connected load even dtough the min utlity gmd is
sbeers. In this mede the frequency aad the woltage
stabiliry of nricToErids are the main issuss, Tharefore, the
pazsﬂ&l:umtmuflslmﬁdcmmwﬂla:ras.he
rid-fommume source. winch ghare the local loads and

Sprrnanian! Sedew of Eleeris Engineering bal M N 2
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coutrol the Fequency and ourput voltaze magnitmde at
point of conmnon coupling (FCCH (4] Most of the FESs
wsed in micrognds are peeded 10 fegrate & power
elecmopic device and 10 imerface the swisingz elecmical
cystem1 infrasoactare. Thersfore an effective conmol
method for N> iz requited to adspr the behovior of the
powar converter to different operaang mades [2] [91

The microgrid fopology apd confiswraton  for
meesrating FES snd coomol techmigue bave also besn
disowssed i [10]. Fiz 1 ifllustrates sn exsmple of
microprid scemarie nchading dismibuted zEnerators
(DGs). A banery ensrzy stomge system (BESS), loads,
and two microgrid :untro' sTuchmes are conmroniy usad
Wit masies, slave, and Werarchical conipolier as clearly
explained comrol strasegies 10 [5]. The basic conmol
functon of ihe power electromic comvarter-based
miareerids dn order o determine the comerters behavior
cen e’ caeporized imo the four basic opes: Gode
Fomming {GFm), God-Feeding. (GEd). God-Supporting
and Grid-Formminz (GEGEm) and. Grid-Sapporing i
Grid-Feedimg  (GSGFd) [101-[13). \ Sunliady. ~ tha

microgmid -architectme. and conivol approaches Cane be
classified imto three categomes:  cenmoiized coomimol
decentralized conmol, snd hisrarchical conmol 25 smdiad
m [3], [4], [E4]. The hiersrchice] comtrol smachmre with
different conmol hisrzrchy Tayers s advanced amomston

infrasmacnmres for microerides and i3 refered to 25 3 sman
micrognd [14]. [17]

The conmol smatepy of 3 micTopTid scenmsmio is o
manaze the twotal load demand sad supply which iz
Telated fo the conmol slzonthm of the power Comverter-
bazed microsrids. A Grid-Supporting and Grid-Fomdng
{G5FFm) mode pOWET CODVETHET Can operate sither im g
Grid-Feeding (GFd) mode or a Grid-Forming (GFm)
mode. The fimcton of hierarchical conoel soategies has
been proposed in [14]. A GSGFm power converter is a
modification of 4 GFm power convertar to operate both
D) and VF aperations] modes.

The basic conmol souchare comsists of three conmol
Ioope: i} the power conmol loop, 2) the yoltzge loop and
3y she curems loop. In iz confrol scheme, the well-
known Imeer PIregulators are also used in the second
and 1n the third comtrol ksops.

In the power control [oop, the comventional P70 Ol
droop controller 1= adopied fo constant power losds
which will be.developed ia this research, which reliss oa

& dacentralized coamol actom. The key coombution of

this  spproach hes oo meed of any edditiomal
commamicaton among conmol loops. The proposed
technigne 15 &  self-conmolled netwodk, which is
Tbeneficial for DG nnts with plug-and-play capability.

N R
tomtraksintan:

Fig. 1. Micogdd conmol sracmrs

Capuriphr (€ 2009 Probe Wargy fnice S ! < AL rights nerervesf
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Severs] advanced and modern coarrol techmiques such
85 Meurzl Wemworks snd Fuzmy Conmol Desd-Bear
Coarrol, Predictive Conmol can be applied for conmolling
ﬂnme&emmxcommasmﬂmr‘},{ﬂ

Amonz then mentioned conmol techmigues,

Mode Control [(SMC) spproach has recendy become
more popular due to varions sdventages: fast dymantc
response, hish robusmess to paramersr varisfons and
simple implementation [19]. [20], [35}-[38] Generally,
SMC is unlized in a back-to-back power comverter for
remewable enerzy sowmes {RESs) becase of it
mbusmess to parameter varianons. Therefore, SMC is
suimable for wind power spplcasons (21 [22).In
addition, the SMC appreach can alzo be used to grid
cwrent control i order to @ fixed-frequency PWM for
Crid-Connected IL-APC Iwvertsr [23].

Hassine gral [24] have proposed 3 model predicave
c.muolmdlmquemurpmmngm:hs.\i( incrmecm:ml
of thres-phass | comvamers in ooder 3
ndn:emepre{ﬁcﬁmpmc&ﬁr:hemﬂﬁnrm
IO ZEH0n Procadoe.

Hemdsng &8 al [25] have also-proposed an indirec
slidimg mode power contrel (ISVMPC) in order to constant
swisching fequency snd. Jow cwrent THD for thres
phase ‘emd comnscred power’ comverter under rotating
reference. framie (RRF) Howsver, the SMC conmwal
approach has very fow applied in stand- “afone comversen.

t\i{)fvmﬁdambdm'ﬂgrlﬂ.mmnﬂﬂmhe
Mmmmwmm
the gprimum dynamic nesponse SMC s also msed n
electric drive systems, dofac coverters or dcfac mverters
and various robotic sysems 22 dusrated m [27]-{20] As
ircen be seen the conmol mgyn'\emdﬁ:taﬂtﬂ:e
Ccomveriers i micToprid- Therempon, the contdbution of
thag reseanch 35 to develop mn efficient Ccomizol strassy,
which is the adoption of @ robust non-linesr sHdmg mods
cmﬂ]ertsm}mntdx'am:pwweﬂxpaﬁmw

mgyﬁrgnd—swpumngmd&:mx;mm
% pDOWEl Comvene! usig divecr and quadramze
componess of the voltage Vi and 1.} and curent (f; md
A

The proposed SMC wall be devaloped bazed on the
lowest hieraschical level of mirresnids commol app-
roaches, which will enhance performance of low-lavel
conmrollers. Therefore, the comtroller s based on mwltple
conmol loops, which besds fo increa:s the pumiber of
parameters and the mmermost leop conmol Tequired &
dynamic fast respopse, That = why, m this proposed
mesearch. the SMC ame providing a sood pesformance and
a dymantc fast response.

Thiz researmch work 15 orgamred as follows: @
mathemagical model of the VST 15 presented @ sscoon
I A desipned slidns mod: teltage and coTest
reguiamamnewcnuﬁnlnppmﬂﬂﬂphmdm
Section I The somiation and the experimental resulis

Cagurighe © IQFraie Waordy Prise S b= ighs reserved

21

ate dizossed in Secoon IV and finslly, Secdon WV owall
provde the conclusion remerks.

. Mathematical Model of the VSC

Voltage-Sowce Convener (WSC) & 5 very popular
sohmion for fransfer power befwesn AC snd DC sides
and by mesns of Pulse-Width Modulaton (PWAD
switching Strategy. The WVSC AC=side termimal is
comnectad to the grid through the outpas LC filter of LCL
filter. as it can be uswated in Fiz 2

Fig. 1. The'VSC ceanocmd 1o the AC g

The cioouait of V3C is depicted m Fig. '-'spply:.:lgﬂ:e
Forchhoff's volizge and corens laws, the woitages snd
cmTent: can be expressed in the following equstons in
ihe abe Fame == showain Ega (142

{idie Bl 0
Ly i (df =) O <Rl 0 i l—
\& Bt o 2R | KE

Iy I' ¢ 3 (]]
[—1 BBl (100 00wy
Ui —lﬂJ Iﬂlﬁru&
|‘nu—1‘\ Enolr|
.
i, Jy. S50 0 [
g oo =1 0 i, f=
\dus /e ) Aove, 14l )

; )

1 W= (RTT, &
+0 0 r,,-,l

0 01/l
whergo v, .. 8049, the power comverter terminal
1ﬂuge5:ndﬁegldwmgﬁmmﬂmif Rymnd G
sme the per. inductance, resisiance and capacitnce
of the LOMler The i, 20d fope e the values of he
convEter owpul onrens and the grd-side’ Cuments im
abc frams, respecovely. Finsily, by me Clarka’s
:miﬂnnPa.:Es n'mstbrmlmnw{nudt’,] ihe
mathermstical medel of VS AC-cide cen be sxcpressed
& synchronetsy rofating Ay feme &= shown balow:
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Fis
; i, =iy, ==—¥_
g iy
|y ] Ly E; ¥ A
| Vi 1
f TLo+E ——1
Vo J r <y
1 T — G i (3
|. T = e, | A1
o o
Ll
! E v,
1 oS | o 1
+ % |
I, (¥ )
T
IR

where r.;:th's.,.d repmsmﬁesyﬂanm:erecwf
[ vl is the tystem gonrrol vecwar; and [7, 7]  i5-the
sysiem gnp vector [30].

IO Control Sorategy of a GSGFm Power
Converter Using SMC Approach

Tn gememal, the VSC in the sid-sappeorting and grid-
forming mode, the main fimction of the conzed module is
te regulate the frequency and the velmge sf DG PCC: m
both scenarios of the micTogrid-based DG patwork [31].

In thes case, the power comverter will inject acove and
rEsclive pOWer I obder 10 maininin the ioitEa s the
dasired teved [31] A GSGFm powsr comverter i5 ahle o
wiork 1o both 3o ixlandad mode and snd-connected mods
without the need to change any parsmeter 1o e conmol
scheme, Henre, the C5GFM poweT £ONVERET s, Conmot
schems i snitable for hissarchy contral [15]: G at

secondary conmoed layer and rtermary conmmol lmyer,
respecively. The lowest hoerapchics] level of the
conmoilar is a0 essental platform for the higher level md
the mner loop conmaller, which requires 2 fast-dynamuc
msponse [9]. In this propesed congoller, s nonlimear
conmol with SMC for the enhanrement of muper loop
conmod Iayer (level 0) is spplied by using a SMC
spproach in joimng with primary conmol layer (level 1)
which based om active power-frequency (P} and
macuve power-voltage (O9) droop characiemsdcs [11],
[18] Therefore, the frequency and the voltaze stability of
each islanded mode comverter between active and
JERCTVE power Mmjection are conmollad based om the
rotmetmess  sliding mode coomol  approsch,  which
abiliy of systam durng the Eland
cn_;-a'sn.m Fig. 3 shows the coogol disgram of the
pmpc-sedﬁ!.‘thsed:molafa G5GEFm powar
converter. The two commel
I}Wcmul(}melij'anM'em-eme
power comirol smachie wees achve power-fraquency
and" Tenctve power-voltize droop comtrol stratagy.
which-is-the most widely wsed I case of power
sharing smongs these convertar-based microgrids due
1o its simpliciny, fAadbiliny and hish reliahility, and
ﬂ:enmmsqfdmcmnnlm.hodutomm
droop charscierisncs of synchronous Fenersiors [7].
[1E]
Z]Imlwpc.mﬂﬂmdﬂ}_ﬂmpm'\!mmms
wmner condal foops, a0 mner ouTent loop
aad ‘ower waltapa loop based omoa. classical PI
regulator and e role of tus conmoller 16 to detemine
the operstipgs state of the DG wmits [9]. The proposed
ool schemes for sugle converter-basad microgmid
are 8 cumrent and n valtage commroller, desigped using
mmmwﬂp} The kay idea of
EMC approach is.ta allow # desired performance of
the system dependins only oo the sliding manifold
sliding  manifeld

it T3] have 'pimpcsed the . hemmrchicsl - comirol
coool - layers, which ere primery control layer

deenmines the symemr's dynamic behswior smd the
voliage sad qirrept dynanucs in synchronous frames
e el i il i/l 20 A, TespeCTVely.

Fig. 3, Schamssic dogrm of 5M comme! of mnilfi-loop comtre] of the 56T m pews cometr

Capuriple © X0 Proie Wk Prise S L - Al gho sesarved
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Tl Primary Conmol

In an auooomons mode of operagon, the elecmic
utlity gmd iz absent; the microsmid system will opesats
ke 3 main gd system In this case, islanded miode
comveriers should the micrognd voliage at the
BCC to suppart for local loads [4]. In conventional power
grids, the power balance is maintamed by the grd
frequency conwol and depended mainly oo the inpur
mechanical power of a large symchronons zensmior md
the elecmical power consumption. The operation of
synchromons pensrators performs with & frequency-active
powsr (AP} droop charactenstics and voltage-rescive
powsr (v-{7) droop charactenstics [31) Nommslly:; 1!!
micregnd’s power balance fmction is
ﬂnponudmxmﬂlmcanhecmnoﬂedm
order o emulste” the behavior of soch synchromous
machmas. Jn principle. classical droop commol method
for power coovemer i modified by enmlatng the
camventions]l drosp cheractenizne of ta symchronoms
generater, the condition. is opposite. 1 classical droop
cmnlaﬂdd:oupcmmfm’pnmﬂrvcmdsﬁmepes

The arificisl acove power-Dequency (F-f) and the
eactive power-velage (0-) wohmique have hesn
Imwsﬂd m 137, [17]. [181

conmoller of each mon-dispatchable DG wat Thus, an.
automErE of decenirslizad control can be achieved for
the electrical stebilization #nd-enmumad real and reactive
powar - shaning be‘lwgm mmlnple non-dispatchable DG
umits, The srtificial Pof and £ drocp control which
based om teals Fom synchranous machine theory can be
expressed as follows [17]:

Fof=miE =Py &)
=1 =m0 -0 (3]

whare, f and 1 e the med Sequency and voltage
reference: saffing to nominal vakies, P and 0 s the
set poimes for real end reactve powers, P and O are fe
msmdrealanﬂ.rmmpmmjmivmthem
fraquency and amplitde volmge, and m and o are the
droop gains define the siopes of the Pof and O-v dooop
characteqistes 131, [17)

meeﬂmdf') :tupﬁuhhwd!«ixezm

ml:mmshapberwemﬁnq\mn real power;

whersst, the voltaze amplitide difference depends| on
meacive power. Drogp coninel s sraphically depicted as
showriin Fig. 4.

mm;mmmmmﬁw
with amphmdemllxgedn'ﬁm (4 and Av) and the
droop charactenisics will modify the amplimde and the
frequency of the referance voltags m ordes to follow the
desited power set-point and mamtein the frequency and
amplimds of the voltags inside preseribed hmits.

Decontralized and  hiersrchicsl  conmoliers in
microgrids have besn disoussed in [17].

Clngprtar SR Y Fraie Worshy #rize® v L2 Al righo perened

Az smdied in [0 and [17]. a suitable conmol smaesy
15 the droop contrel ac depicted in Fig. 4

It shows the proposed droop contrel topolozy, which
has been drawn in-ordes to illwsmste sn exanple from the
ongmsl concept. which can be resched in [17].

Fig. 4 Tra&somal »f droop chararmnytc md {4 droop camcenistc

Amﬂmﬂy ifa symmemical and balanced three-phaze
systam is comsidered ithe instmanscts active power (F)
and resctve powars () i the dy reference fame at AC
termimal used by the droop conmollers and 1o achisve
armonics elirenation lowpass fileers ([LPFs) with the
cwo Sequency of o, are always adopad to deczansed
noise and hammonic amemtion.

The oufpil active and reachve POWSS are Fiven as
follows:

(3
| s + Vi) (6]
w2

[

PL@PHWJW v,,'x_#] LT}

In thes congol fevel the referspce voltage and the
fraquency walpes s created moconding o0 e dioop
choractensac. The additonsl feedbock o0 mack the

desired valne is raquired. Tynically. the power conroller
comsists of o Joops: mer]mpswlmge and curreat as
<hown m Fig. 3.

It should be: noted that fae proposed  micnoerid
commoller s A developed. mbrid commol techmigue
‘between 3 comvenponsl doop conmoller a5 smdiad in [0]
=nd sliding mode conmaller Fig, 5 has been drawn o
shosw® the proposed control ‘tepeldpy from the original

“droop’ control presanted in [2]. As @t can e seen the
‘additional sliding mode conmol rechuique s added o

175

enhsncs . comtrol | performance
comventionsl droop comroller:

Fig. 5. Crvanalll Wock 'dineram of &% power comeol
srmegy based o droop conmrellar

dmernavioml Mevics ol Elor oo Knpireering. Vol J4 N 2
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IL2.  Preposed Cascade Siding Mode Comrol
voliaze regulation scheme for the VSC in the gnd-
fornung and grid-feeding mode of an islanded single DG
macgoerid The coamol implemenied is known in theory
as voliage-onented contol metvod [4], [18]. The coamal
struchere of the proposed confrol alzprithm i shown
Fig. 3. As it can be seen m Fig. 3, the vector confrol
suchre has & cascaded contel sweegy, which consists
of an ourer-loop voltzge conmol and an inner-loop cument
control and adopted SMC m the voltage-omrent cascadad
double loop respecovely. Similar to the convenrional PT-
based controlles, the proposed confrol alzonthms hive
the following fmemon: 1) providing: the robust: to:the
sysiem mncerminties and 2 miproving the perfommances,
such zs the dynamic Tesponse snd 2ero steady-state smor.

T2, Curremt Comgrol Bacad on
Stuiine Mode dpproach
In this sectiom, the SM concept for controlling ousrent
i the synchronees reference frame [SRF) is preseated.
Two sieps ole pecessaly fo syathesize the SMC
appreach, [23]. fist, the Dollowing slidng surfaces are

selected and then the confrol lyw i developed. Thesefore,

the-stiding surfaca is defined as & ourrent tracking amor,
which s sfven iy

Sl@,;] -?; —#a [£:5]
8 {0 =1, iy ey

where Su(es) and S3(e;) #1e the Shding surfsces or mant-
folds, sad 1y, i; 4 End §, #Te the dg Seme referances
and zemsed cmmenrs respectvely. In shiding wwde
control. 2 elidine muode exits o mumifold 5=0, which
is the system stane Tajectory slhifes on s manifold and
remain these (5(¥=0). By nnmg the eqafvalenr commol
methad ed i [19]. The equivaienr commal is
manifolds Syl =6 and 5i{e.) =0 and their raspactive
fme dervadves Se,)=0 md s'z-(nv}-a are the
aparince conditicns [24], [28], it i obtained 5 follows.

Sy ) =0 S:,if"_.a,,?-w g

[sacm-r;—r;.;-ﬂm:-ﬁ, il

Syle, )=ty =1, =B=1) =i,

2 i . i,

§i6s) = =i | = 0= Sl -~ -0
- d 1 iy o2

5,8, -E[r; =y |0 S

Ciopurighe © 0 Ernive Worsky Frise 8 r e Srighn reverped

The g-auis and g-aos of the cooverter's AC side
terminal voltage ar then deduced by

T %-x,f“ salg v, (1)

o, = :
Yoy -—I,?ﬂ_’h—}l,rr__. —al Ay +y 14)

Based on (13) :and (14), (13) snd (14) can be
substiuted info the sbove equations, obaining:

% i
Siteg) ———F+
15)
. . ) ¢
_I__,{‘:.;—‘?;-'M oL, —vy)=0
i i
S5
ol

1 -
—qu —.eraq—r_-tlﬂ,,—l;qj-ﬂ
Rearraasnz (15), the following sate-space egnation
can be nTiten -

S0, - i)+ g (2w, an

¥ T

E7 1
e ﬁm-ﬁx,ﬁ,,—m,g Wt |+ B (D=
&, =y, <Similarly. (16) is derived as:

S @Y =i e e (18
Whers:
PR =R oL %, ).
£ ‘—f- i =Yy
then:: = =
5@ -:_ij;il fm-[‘j‘;}
8 o) 8

Finally, desizming the slidmg mode contol = to
Safisfy fhe spproaching coodiion, melve evalusting
5(xy and equating it to the reaching law [32]. When the
reaching lsw inclndes reaching mode =nd sliding mode,
the system state majectofies cam be doven omto the
cliding manifold and ensuring the <ligines motion

drsernumonn Kiaew of Elersrion Enpineeeing. Vol 14 8 2
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According to Hmez et al [32] the constanr phus
$(x) =~z 5(x)) — K3} 2]
where, sgn(x) denotes the sipmm fimction of 5(x5, and
(F amd K are positive defined parameters. Therefore, the
equivalent control sipnal csn be obtsined by solving
directly from the resching law [32] as follows:
£y =S =5, (0, — Dsen(S{x) - E5(x) (20)
Equation (20} is solving for-the sguhalent control
sizmal u, which is obtmned a5
=g @A 0]+ OsenlSx)- K5} 1)
By msing (21}, the equivalent commral signsl or fhe
captral law {u) comsists of two parts, which are the

contionons fmction and the discontnnom: finction as
follons:

Vi = Vel @2
where, 1"4 ‘m1‘9‘ﬁ‘ethe:ohﬁmmcnmrolﬁgnﬂ
and fhe ths.r_mihmwus comol. sizmal m- e SEE,
respemdy Thus, the volmge pefersnce mmmmﬂ,

which is the impur zignalto 3 %pace vector modnlafion
(5VMpbased SM commoller, cam be expresisd as
follows:

AR ING -
Lk e
-R,H [”“Lf : '}:'
- l"‘t l+ &
Sl |
ey )
I;r ( fou, & samcsmnn
r L _D g* m{&n(r}lj
s,»:- oy
5 ) |
where, (s, Ky, 0y and £, =0 wes the synichine zam-
The product of the cliding mamifolds and their
mspecmeume-dawm\'!mhemnadﬁfoﬂm
[25]. [26]:

L)

o e
5‘,(.:535,(;#;_—3,(;‘,)_?"_

1 (o]
(et o (5 T L 8 AT 8 S T |
L‘r 5

Cogwrtghe © M08 Frohe Wortky Prise §r L A0 ngho seermd

Sx(e,)5ule) -—Sl{-q;ﬁ-
dt 8
1 ) ) 23}
__I—s._(a{J[rq—x{a‘E —Lits =y |
r
By mplacing v, and v, in (23) with v, and v, in
£24) and (25) the following can be procured:
R 3
50,05, (e;) '_‘I—':-s] (o) + 28
— 05 ey s 5, 0 ) — Ko (5 fes )

8y ':7.., ]S:("] -~

R 3

e ) +
L - 27
—0,5, e ysenlS; (o) K, (5, (e

‘where; §i(e) and S.(e;) are the emwors benwesen the dg-
‘xris referentes and semsed comrents (fy iy and £ 1, )
and —ReTe= K =0, and - areobviously
comsidared. & 3 negative quudty so 58, )5,(a,) <0
end 5. (35 (e, ) <0, Therefore) the system is stable as
confirmed by [25) 28]

I12. 1 Poligge Conirol Based On
Siickne Mode Approach

In fhe sliding mode Implemenmnons, fhe confrol

nhmmmaﬂm:nﬂranpmxﬂh@e}d:md1q
t'ad;a«demd!h!m!cm Vo m:l'u !Hpecmﬂy
m&ﬂnﬁ.ngsuﬁxemdgﬁmdasﬂxampﬂ
volage macking ermor, wich is given by
EACAES SR 25
i, s )
where 5.(e.) and 5,0e)) me the shiding mamifilds of de
SMO, amd 4% W, v, mdey Jars the dg-awis

g1

mferences and sencad voltazes. respectively. The sliding:
surfices 540 and 5,(¢) are comespondine o the

sanltamas vectos i dlasds.and g-aods. Simmilarto the desimn
for the cmrent conmol loop, mmumeeq;mm
toniral method-based SMC voltage :losedincpcmlnse
lhesysmm stlhe ugechm.aw]m:hme ‘drives oo the
shdhg‘surﬁiu:r_, that is, Sy(e,)=0 and 5‘4(an=& and the
mn.ﬂnmﬁemmmmnsﬂm,nm:knmm

dl%, e =0 and %, (¢ )d=0 In addivon the system'z

motion, the system i the shidns mode and the
Jimvanance conditions is-given & explamedin [33] by

Siglou, ) =0, Siileg =0 (30)
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2 ot — Vg =By =,

(0 = Yoy Vo =Vd o B
Safes) =y~ = 0=, =,

f. die

1 86es3 —E{VM Vo =0

=8 -T2

! * @2

dy
3.1("‘.3'51‘..‘ —1'{_]—1:':

ﬂ\'
=’5‘("r>-ﬁ:_-ﬂ

l
and the dymsmucs.of the capaciter welmgze can be

descobed 1 the ' dy frame. equatione in d-axis and g-dc
cambe foumd

4
Cpm =y Tl —ly G3)

‘*’.]4-.
<, —?'—JH—QC.;FN Ty {34

Substimring (33} audl (34):%0) (32}, the following can
vk _

560~ T 4y, )40 69

S,{a‘,j— -——[; o0 i, )-0 G
By rearansing (35). 208 {36) ‘are described by the
following seate-spacs equation:

[Sile.) = i+ 2,0,

[Site,) = £ £t B

1
Eyix)=—==

1
W00 ey i =
f 8

) 1 A 4 bl LER
t =iy, 20l f:m—'c—{ﬂ?ly.-i-'h‘.l + Z4lE) ==&t
)

Lo o) Sl
509 0
R [ o .g;(xa] g !_u;]'

ismhammchtmhameﬂmmﬂl“]

SMMMBMMM{M;:;M
desimed by chosan mdnng.h‘n and solinz directly
from fhe reaching law [32] asshown (38

A= F g i, -

~Q, s=nla(x) - £, 5()) £

Clpurtae © N8 Frote Warthyriee Srd -l righe reserved

From (35}, the conwol law (i) is desizned = fflows:
a, =—g7 LA (O] [0, sen{S{ay+ K50} (39

In this represenmdon the sliding mode confrolles
of the conirol is to firce the stite majeciory slide alons
|ha5'|:ve'.ihd:rr'1tg‘;::rﬁal:e[2|ZI]_=1:|.d;','d‘I is the pampur of the
EM dg-voltage controller, which 1z the ourment reference
command fo the SM dg-current conmoller which ¢sn be
expreszed as follows:

’:.q-'“:,"—f':' (40)
o] [l
il HJ'
e, o Sl
T oMY o

(i ke

FEG
“ J_, ][31-:0,)‘ J
boe, £, [ 5000) )

‘ool np:ﬂméﬁ&gmm :un]:rdsigm[inﬂe
5RE, mgmzwgqmgmmemm
- Finaliy_

oy mlizing the Iyspmov stability appmmach
291 the products’ S, [-‘JS (e;) amd 5, fn'JS {sJ cam
e considered s follows:

S-S e et -

1 dt 42)

- S e, i)
g

’ ! L
Sele (e ) i =2
1 G #3)
= _5'_,- S"{a;)(:q —0C v —10)

By meplecing 7, and o, fom (41) with b and i in

[CElS a!ili{-ﬁ’) the followis can'be produced:
500,035,081 - ~@ 5, e, Y smmi S, ) = P
—E (S
Sy 18500 ) ~—0u. (o) smn(S (e, 1)+ .
£, (5o
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whare 5i¢s) md 54 sre the emors betwaen the dg-sods
refarencas and sensed voltsges (v, —v , snd it i
:md-g,d_-}.,,. -0 md.-ﬂ,,_ DEZave QUANNLY 50
Spley}5yieg) <0 and 5,06 )5, 0e,) <0, therefive, the
sysiem 15 stable as confimed by [28].

IV. Simulation and Experimental Results

In this secoon the experimental test ng for validston
has been daveloped in order to validate the parformanca
of proposed volmge and current comimol by =nmilstion
and experimental results. The.proposed confrol scheme
bas been developed inthe lboratory as shownin Eig. 6.

The contrelof power cmmerer for micrognid
;uomn'pehas beenimplemented though TMS320528335
miceccnzeller and 3 prosorype GEGEm power Comverter
hardvare srucnere 1= shown'm Fig 3. All the paramagers
of the system are lizted ' Tabiz I For simplicity, DG
Emverter protoype wsed. s 22-EVAL MISUBISHETD full
bridge a: & powes comverter and it is also used & Joanns-
point PSP conizplier for the comirol platform with &
samnpling time of 60 psAn taductor cmrear has besn
measwred using EEM T A-55D and-ewput voleags has
been probed with ]'_ﬂ&L‘\'—E}F with fixed 13-XHz
swikching fequency. ‘I(E'[sha\ebemusedﬁctmw
switch i 3 power comveres, The smmilston Tesult are
camried out in Matlsby Simlink tasad on Sim Bower
Swstem Hbrary and the siomisdon results are shown
Figs, -10.

Fiz & Photogmph of sxperimancal nywtem

Figs. 7 and Fige 8 show the fransient responee of the
Thazsd-to-neural oarpur voltages, the gurrs cirenis in
ofic’ frame, and the direct and quadrstore s o
omrents. Figs. 7 show simmlagon Tesults of using
oareentions] BT controller fom factory defoult; wheress,

Coprghs © M@ FProie Wordy PriscirbeAll mghn reserved
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the simmlztion results of developed SMC conmoilers are
illnstrated in Figs & Ininslly, the droop conmeoller
syppliss sm achive power by one voltage soumce
cooverter. The power comverfer is - opersied umder
nomingl losding condicions &t 243 W of the active power

cnd 516 VAr of the reactive power.
TABLEL
Airrrascasoiiz AT MicsoaR CoNThol -SYeTEM FaRaLeTERS
FPaanwia Syaobel Vb

g viing P TRV
D s woltegw Fa BV
“Mormine! bus SegEmncy & HEH
Filns industance Ly 5.56 mE
Tilfe resistance R o482
Tt capacicecs L JLEpF
Proparticzy frequancy droop E 1
Fropardeml vl g drecp " 008 p=
EM weitags costrollar samgin d-aos md g-amis {F. i
E\[l:mm:m:ﬂlﬂmd—madg—lm g Ky 000003

By comparing Fig. ta)mdﬁg 8(a), the resulis show
thai-the propesed SMC smpiezy zives the befer
perionmatice Tansient response for W, with 3 Gsier
toavergence them s TT conrroller. The smaller magmitade
af overhoot conparing to use the' comventional PI
confraller S ackieved 35 shown in Fig. (b} and Fiz. 80b).
Bcanbesemthsta'pmhghmwﬂlmwhm
the power comverter s oomnectsd o the load and the
mjected currens is stzhilized in steady state veloe after 1=

S5 s

Figs. T{c) (@) and Fizs. 8{c), (d) show the trandent
performance of the direci and quadiape =os ouine

-cmreat: for the coovengonsl and proposed contod

stratezy. As 1t can be sean the validated results of the

mmﬂmmﬁmﬁemme with 4.
sqzallﬂumlmﬂ avershoot then using the conventional PT

The simmlation resnits are chown mFigs. 9 mnd Figs.
10; the msmrspuns&n{m J microeTid
fequency, and voltage, under losd r_'lmgea.'edemcred.

Figs. 9 and Figs. 10 also show dynamic pesfornmsnce
of the proposed contrpller during lead change of e
‘actve and reactive power which are mjected by the VSC
‘turing the boad steps &f ¢ =035, Apparently. tHe actve

power s reaching ssmration af Limi: active power of 350

‘W, and ths rescdve &= reschins samuration ligmt of 880

V&rs.ﬂetdut,ﬂuhadsaqsbﬂmﬁepmm valus’

‘ate = 0355 Obvicusly. the proposed strategy system can
gl steady state fier 1 = 033755 snd 1he conventonal
BI conmolier can reach a steady state after =034,
Clearhv, the proposed stmezy system can guickly
performi & steAdy-state opemdon pomt than the
comvensionsl appraach From the resuleof Fige 8fc) 4
and Fizs. 10¢c). (). the power conrol based oo droop
conTol opesstes at the load sfép berween =035 and
=0.333. The owput fequency and voltszs amplimds
deviaions are meduced under frequency and volage
droopie techmique. Fig (c) mmd Fig 10(c) show the
fremency macking emor, which is cleasly that the system
fFequency is drivenand erached o ips Teference valus.
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§ Khongkhach, 5. Ehamfoi

ounnE ouren: wavefomn of te power comvemer during
mansition fom nomma! to 3 sep change of the load
operafion. The actve power is chansed from 278 W i
755 W end the reactive power 15 alio adspted fom 438
VAr to 548 VAr The power coomol based om 3
frequency and voltage drooping technique snd the Py
and O-v droop cosfficients are selected relagwvely small:
tus. the frequency and voitaze devianons are also
Imamima]

Dhring outpi veliage holds st 3165 Hr and the
phase-to-nenmal voltaze 1= reduced fom 144 Fa.. and
bolds az 140 V.. The change of voltage is within the
scceptable mnge [34]. In addigon, Fig' 13 shows the load
current f, behsvior and the peak of the load cuETemt
waveform i about 360 4 _ for a dumtion of
approgimetely 30 ms and the propesed conmoller can
maintam e nominal valne ar 3 fraction of & second (B0
s

Vo Conclasion

A sliding moda Control sechnique his beéen developed.
& GSGFm power canvener for AC microgrid dunng
islanding mode opemton. GSGFm is 2 fmcton m
cmmmmﬂx mam:lmgnrlnh:hu
very imporiant, more specially, ilanding opetation. The
robustmess Tom dizhorbance and wcerany s reqursd
that i3 why, the proposad shiding mode cemol (SMC)
sz been develop in an inner Joop of lowsst hierarchical
teval of microzrids.

validetion’ bas besn perfommed using MATIABR In
nddition, 2.2-KVA power converter protorype have bean.
developed for experimental setup in order 1o validate the
proposed SMC: The resalts chow that the propased SMC
tachniaue m‘he Jmplmd m order o mgl:lm
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ourra ourrens waveform of the power comvener during
mamsition from nommal fo 3 step change of the load
operefion. The active power 1= chanzed from I78 W o
755 W snd the resctive power 1s alio adspted fom 438
VAr o 348 VAr The power coamol based om a
frequency and voltage drooping techmique and the Pof
and O-v droop coefficien are selected reladvely small:
s, the frequency and voltage deviamons are also
numima]

Dhring ourpim volmge holds st 5146% Hr and the
phase-ip-penmal voliage = reduced fom 144 Fo.. and
bolds at 140 Voo The chanze of voltage ic within the
scceptable mnpe [34]. In addition. Fiz 13 shows te load
cumrrent f, b&hs\mmﬁdﬂpﬂtﬂ'memm
a-'m'eﬁnmrssﬁumiﬁﬂ'_i_cﬁcr a dumstion of
appragimaiely 30 ms and the propesed controller can
eximtsn thedr nominal valne at 8 fraction of & second (30
ms),

Voo Conclusion

Ashmwmmmmmﬂmd
s GSGFm powser comventer for AC microgrid dusing
slanding mode operstion. GSGEm is & fimction, 1
mmmm emsmm:g‘aduhl:hu
VETY LOpOTIENT more , islanding gpafation. The
mmbmzﬁmudmrmhmcemmmmyqsmqm
that i3 why, the proposad slidme mode commrol (SMC)
s been devslop in an inmer Joop of Jowast hietarchical
mﬂummg,nas,

cascrdad SMT has been anabyzed amd
dzs;gmd.mﬁechm!ﬂ.lnniﬂmm 2 sinnilatio
validstion has besn performed usmg MATLAE In
addimon, 2.2-kVA power converter prototype have bean,
developed for experimental ssfup in ordes 1o validate the
proposed SMC, The resuls show tat fhe proposed SMO
techmigue can be implemenfed m order o mgu]ahe
fregquancy and m]mga o their poomsl ) values in-a
Gmmmmhacm
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Droop Control Strategy of AC Microgrid in
Islanding Mode

5. Ehongkhachat 5. Khomfo
Dept. of Electrical Enginsering, Faculty of Engineerng. Emg Monskut's Institute of Techoology Ladkrabang, Thailand
E-mail: 5361013 inkmitl ac th, Mkhouwrindikmitl ac.th

Abstract — The droop contrel stratezy of an AC microgrid in
ishnding mode is presemted in this paper. The frequency
reference of landing mode is recalculated from proposed droop
control techoique doe fo the loss of grid reference frequency. The
fast response of both voltaze and frequency of the AC microzrid
during an slanding operation i required in order to maintain the.
frequency and volfage stability. The pedersiznding of control
sirategy of each imverter needs to fnvestigate for befter applica-
tior which & ako explained. The Aladlab/Simnlink iz osed o

validate the proposed droop rontrol The simulafion result shows.

that proposed droop comiral stmtlg\' can-conmtrol active and
reactive power of an AC microgrid satisfactory.

I INTRODUCTION

The mucyegnd is not eoly 2 .oew concept based ob power
electronics but alio provides 3 providing & promusing way to
integrate distributed geveration (DG) =uch as Temewshbis and
alternative energy resources (RES) and snersy storsge sourcas
(E55) mﬂmum'mmmtmﬂknfm
Toltagze Iewel [} as shown I Fig 1. A micropnd hes many
adiantages such as imcressed relisbility, more conirel abilicy,
and berrapswetquahw Lie o waditions! power. gTid, smart
Tmicrogrids generate, disribute md remlae the fow of elecrr
city to_consumers but do this locally. Microznd can be visusl
%3 3 modem, small-scale version of the centralized. power
Eeneration system  Normally DG spurces canot be readily
interfaced 10 fie grid due to DC {PV aod enerzy sioraze
sources) oF varisble AC fequency (mall wind mrbines).
Therefore, power eleciomic CORVEITeTs Are rEguived M mter-
face the DG sources to the grid

The zrid merfice DC/AC power electronic inverters are
paralleled together to form one AC bus which i= commacted to
the axid via a Stafic Transfar Switch {5T5). Docal loads can be
connacted to the micrognid side of the 5TS. The micrognd has

wo modes of operation: grid-connected mode aad islanding,

made. In prd-connected mode, the DOAC investers are con-
nacted 0 paraliel with the erid and hence the owput fequency
and voltzge ane fivad by the stiffgrd Im this mode, foverters
com distrbute power 1o the mid. I the STS opens, the micro-
grid operate: in islanding mode In this mode the ourpum
voltage and frequency are comralled by the DCVAC invertars
and the locsl load 15 supplied by the paralieled inverters which
share the load demand. which ssch unit with shares power
accordmg to & Tating. The mirrogrid can chamge fom srid-
connacted mods to islandmg mode [2} 7
DCUAC myerters are chenge critical devices of eny power
electronic based microgrid consissing of hisk switching” feg-
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nency salid-state devices and & low pass filter [4]. when 3
‘woltage source imverter (WAL & conmolled in order 1o feed the
load with poor celoulsted values for woltsge and frequency.
according to # ‘specifc commol soategy such &s the power
fequeacy droop comtzol and dependmg on the load, the ViI
dctive and reactive power omput is defined The comtrol
principle of the W51 m this cscs emmlstes the behavior of 3
syschronous. machine. Thus: I is possible o conmrol voltage
and fFrequency on the AC svstem by meams of inverter control
a: discussed I [1,3.4]. Frequency verstion in the mucrogrid
provides an sdequats way to define power sharing smong
seversl W5SIs with different frequency-active’ power droop
parameser: “tince. this varistion is related with System freq-
uency. IThis paper poessofs the comtrol i Grid-
suppoTting-srid-forming inverter (GSGFny) mder islanding
operation of »c mucrogrid, The main advantage of droop
control is thards eliminstes the oeed for commmmication and the
conmrol action iz merely based on local messwremenss. Thiz
feature gives droop control significent Bexibility as ]mlg as the
balance befween geseration and démand can be maintained-
thete % po interdependency of the local copmollers, The
controlier can parform based on local measurements and droop
l:!ﬂr'nfnerﬂ‘l‘lcsasdnusudmvj The paper will be crzanized

Jmto Sve sactioms: To begm withy, contwol of fovertars m ac
“micregmids, describies the ﬂxmp_ control technique for :u'no_—
JmAticpower sharmg amwons the microsources rather than from

® dispaich comrol mnit, then power control in Dicrozrids ame
disussed both grid-connected and slanding mode; The s
Eazion resulis mmmmd m Sagtion IV Finally, Section ¥
will provide the concmsion remarks

I CONTROL OF DIVERTERSTI AC MICROGRTS

Iovertar confroks r_anbe:mmed into the four basic
t)'pesas shown m Fiz 2 which consist of zrid-forminz (GFm),

grid-feeding  (GFd). grid-supporting-gnd-formme  (GSEFm)
‘and grid-supportng-grid-feeding (GSGFd) OFm comtral acts

as @ fixed volage sowrce, and thus & Dot smitable for paralle-
Img wnh other GFm sowmces. GFm sources gre fypically
-apphied fn standslone applications s GFm canngs be ppersted
n paralel with the wiility. Comversely, GFd contral acts 25 2
fixed cuErent source and the cwrent cootrol tvpically uses a
PLL o follow the zrid vokage: Therefore, FFd conmol is not
switable for operation in mictogrids without 2 GFm source to
Tegulate the vekage and does pot cogimitute o voltage and
frequency regulation. GEGFd and GSGFm control are & modi-
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fication of GFd and GFm control thar operates as 2 droop

control current source snd volmge source as repomed i [6].

The droop conirol offers s stable aciive snd reactive powsr

ourpat for each mverter so that the droop control toverter can

connect in parallal with 4 fived voltaze source. The contribu-

ton of this paper & 1o apply the droop commol im GSGFm
islanding operation.

whick focus in nader

Fig 2. bovemar conmal feczmiqua dor sach casegimy [a) EFem, ) GFd.
[;;marnmiu;esm 6P |

Grid-rupperting-grid-forming comrel & & modification of
end-fonming contral which operaies- m a. droop -controlied
volaze sowsre: whers, the voltsse: mdﬁ'eqpm)' ‘references
are adfusted based on measwred active and reactive power
Thiz method s capable of opersting m parallel with other
woltage spurces; as the droop conmod provides stable active and
TesCtive power sharing with other. dmop conmelled voltage or
Current sources of stable active and Teactive DOWEr Quipnf m
parallel with 3 fixed volage source Using GSGPm the cont-
roller cam eluminate the nead for rapid mode switchin g bamwaen
current and voliage ool when & Senerstor wansition o mm-
oB and owo-off o when swrching Som grid-commected to
islanding moda. If GSFm operasss fu an islanding mbde to
regnlate the mcrogrid ampliude olinge and fFequency. The
voltaze smpltude and Feguancy are nodonger nmintsmed but

obtzined as 5 remalt of the droop equation: as & fnction of
active and resctive power componsmis In o such a8 conmol
scheme. sctive (P) snd reactive power () delivered by the
power converter are calonlated by multiplying diect r; and
quadr.mn'e 1, curent commponents by the direct vy volagze gnd

az pu:esemeli i [6-8]. The progase I:eds.mque of the
GS’yGFm control 1s shows m Fig. 3. which consisrs of primary
cmu], mner-loop control. and virual impedsmce The
primary-loop control of the GSGFm imverter using droop
confrol an optimally supply sctive power (F) and resctive
power {). The proposed technigue can be separstely desizned
so that the primary-loop control can be adjusted the frequency
amd the amplimde of the voltage reference provided w the
mmer-loops control for ensurmg a proper power sharing. The
mner-loop conmel consists of the inner voltage snd current
Tesulation loops for regulating and sopervising the inductor
Cirrens. or the capacitor corrent of the ourpar fGlter to Teach =
fast dynamic ge , While mainfaining the system stable
The capacitive viral mpedance 15 uiilized to compansate the
different resctive power. The virmsl impedance should be
desizned near 1o the viloe of line mnpedance to cancel the
voltaza drop, Then the compensating voitaze is added to the
woltage Teference in the immer-loop o decresse the woltags
Teference (B snrax] as discussed in [9]

e

Fiz.3 Tha propose of grid-impporing irvenes ppaoting 25 a voltage. sewws.

4. Primare-loop conrel based on drogp contrelior

The prunary conmol of micrognds &= the powsr shanmg
contrel, each inverter.of DiGs mmst have an extemal pawer
Ioop tased on 3 dreop cenmal, also called @5 awtongmous of
decentralized contral, This control requites 0o commmmication
links mﬂgiin‘enersma mucrogrid. The idenof s dmpwn-
frol in an ‘myerier dominaed grid comes fom the conven-
tiomal synchronons Senerators in large Mferconnected power
systems A druap characteristic control parforms the coordi-
mation of E=nerators with @ Sequency'active power droop
charscteristic and voltageTeactive power droop characteristic
i prder o share the admstment of the total demend for active
and reactive power. The same principle is followed m this
fechmique to control she fow of active and reacthe power by
contralling the frequency and ampiimds of tha outpur voltage
A5 shown i Fiz 4 When the flow of #ctve power increases
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due to the icreass m load fTequency of an invertsr drops.
Simitarky, when the flow of reacrive power increases then
voltage will drop. Droop zains are represented by the slope of
the ling in Fig. 4. The fundamental droop equations for an
imverter can be wriiten as follows.

f=F -mhP
V=P, -nAQ

(i
@

where f, and F, are reference or rated valnes, and m a are the
static-droop gains. Droop coefficients are siven below:

0 e AP
" 7 31
-7
Mo = oy
e &

where P is the maximum. owtput, f. is the allowable
nunimm frequency when' the DiGs oufpud meximum. power,
0 is the maxinmm resctive power outpm when the voltage
at the DG drop to allowable minitmm vEhe

3 -~

-

= =
! - »
b [ [F

3 - .
F=F Dmap crarsowedess ¥ = Dusep chamctersizy

.'. “I

Fig, # Thorelston:hip berwosa f =/ 2ad ¥~ (7 of drocp coneraller

This droep method mcTesses the system performance dus to.
tha autonomon: operarion smong the modulst. For thes reason,
the amplinide and Fequency ourpat voltsze can ba influenced
by ‘the current sharmz through a self-rszulation mechanism
that uses bath the active and resctive local power fom each
uni. In order to obiam good powsr shamng, the Fequency sud
amplimde output voltage must be Goe-nmed in the control
loopias shewmein [100.

& Folraze and curvent colirsl [oops

Fiz. 3 zhows the block diazram of the power cicult of 2
‘microzrid connected VAL 4 thrae-leg WSI with an LC fher
and a'conpling mductor fornm the power circuit, whereas three
conooliooeps form the conmol strucmme. In particularn, 2 power-
sharing conmollsr &= Bsed 1o gensrate the magnimde snd the
frequency of the fimdamenta]l output volisge of the mvener
sccording tothe deeop charscteristics, by enmlatine the opera-
tion of a coavensonal synchrenous genesator Volizge conmol-
ler % used fo syothesize the reference filter mductor cuarent
wector and a cument coniroller i used fo zenerate the com-
mand voltaze vector for gensrating PWAL sisnals as discussed
in 6]

Applying the Clark and Park transfonmatsion the cwment
and voltaze dymamics can be raasonably represenced as follow:

dl 1

ﬁ_zi[sz,j,]n?, —Fu} )]
)
]

ay

?“-%{[—@.C_,.\'od]—r_—r_v}. {8

where'wg. v, fvend /, are the inverter volizges and Currenis, Vg,
Vioge gy 200 Topsre the outpur veltages and currents, L and Cf
are the perphase mductance and capacitance of the 1O fker,
Tespectively.

T provide close volzge regulation, imverter outpur voltazs
conirol isdeveloped, which canm'be easily conmolled with zero
steady state emor with standard comirok such as PL FID aad
OE commels. The dynamics of the voltaze conmoller and nsing
PID conirol canbe given by:

. = fem oy o
Yo =y T —1) + K ;j (5 — i, Jdr + K, .E':".l shiseld +vs (B

=i Be B, +v, (10)

A current conmgller is requirad te shaps the volmge across the
filter inductor so thar minimum gurrent error is achisved. The
dynamuc s of the qument controller by using PID contrel can ba
represented s

LN L (B e S T 1)

B T [ e _%(\;_ Sy el e, ()

. Firual Outpur Pepedance

The concept of the wvirrml omiput impedanca has been
widely nsed toovercome the-preblemn of power coupling
caused by high FUX rave icdow voltaze distribnition networks

“asreported m [§,8]. Vistesl oufpur impedsncs degrades voltage

Tegulation due to steady staie voltage drop acress the virmual
impedance (o dmst 2ach sonrce’s volizge reference for com-
pensating virreal mapedance vokage drops. The voliage refer-
ence (v, )15 obiamed by subiactng the virmal vohage drop
across the virmusl dnpedance as shown m (133

‘-A- = Ve _Z.U e (13

wiere Z,, is vrmal oupnt impedance. the virms] impedance
amuist be chosen fo dopunate heacual line impedanca.
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I POWER CONTROL ¥ MICROGRIDS

Enerzy management system (EMS) and te-line power
flow of & DGs are applied using droop contrel concept when a
microgrid operate m both grid-connected and islanding modes.
In grid-conmected mode, bidirectional power flow at PCC iz
regulated by exchenging sciive and resctive power bemween
the microgrid sod the utility grid. The actve and reactve
power at PCC can be determined by using frequency and
voltage droop characteriztics. If the mucrogrid is required
power, the power demand 15 negative, the microgrid will draw
power from the utility grid for supplying to required lozds and
charge the battery (if required). The active power will be
positive value I order wo expont power to wility grid. In
islanding mode, all the microsources are operated based on
their Tespactive - P and F - O droops. It should be noted that,
the D iz able to generate acrive power (P = 0) and to store
energy (P < 0} and. 3t the same time, is able to supply reactive
power (@ =0, acung ‘Hke 2 capacitor) or to absord reactive
power (@, acting Hke an inductor) as discossed in [12-14].

4. Fower Contrel in Grid-Connected Openanional Mode
In the grid-compmectad opesational moda, each DGs mmy can

connect to an AC mitrogrid or-can directly commect to-the’
uiility grid which can geoerite fixed acvive and resctive

where o | E", mand n are the nominal frequency reference.
nominal voltage reference proportions]l fequency drooping
coefficient. and propertional voltage drooping coefficient
respectively. The value P and g are the maximmm active
and reactive powers that the DGs can supply as discussed m
[

Fiz. 5. The simularion mndad

powers, according to the dispatched references. In addition. the ALL, UUSFD I§ THE SM{L&mNMGDEL
maNimEm-power tracking can-be exmacted from the source. P Symbal Vil Thet
The DiGs operate 35 a contmollad cwrrent source and all loads Tomima B | olags. ¥ S0 Ve
are f2d by the mtility. The difference between real-time active Weeninal Bus Frequenty. Fil 56, H
freactive power znd the matingz activeTeactive power of each Filtnr maarior DG T 5 =H
umt is regniated referring o (14) and (13) a5 following relat- Filrar Capacioor [ 150 EE
inms: Bettery | 600,60 | W.AR
Fuse 13,000 W
‘3‘5 B 500 V-
Oy, =0 “ % R (14
IV SIUT ATION MODEL
sy 8 |'t+- {Q = a5 Dnmng the isknding mode, the wility grid &5 absent
) ¥ therefore, if none of the DG units enforces the base Taquency

where o and £ are the ‘fequency and ampliude wolage
1eferences provided by 8 PLL monitoring the PCC voliaze P,
%, kesaing e arathe active and rescuve power refesence. the
irezral freguency and voltaze drcopinz cosfiicients, respec-
tvely.
B _FPower Control in Llanding Mode

Dhrimg stand-zlone operation, the DhGs supply the loads
which share the teral load demand for achievine a perfect
balance between production and consumption Active and
Teactive powers can be modifiad which depends on the Ingd
demand apd aocording to the following sguations;

a-at=mP-F_l (19

E=E'-n@- Ty

and regnlates the voltage, voltaze and frequency will change
Teelv within the AC mmgud.. Daoop conmel is a3 popularky
adepted conimel swategy in this moda. in which by defining
frequanc y-real power {#=F) and ?oh:g\:hmctrve power (F-3).
Droop control can limit the Fequency and voltage deviations
within & maccimum allowed range as reported m [15]. The
sizmmlation mode! usad for this stody i illusoated in Fig 5.
All parameeters utilized i the MATL AR/ Simulink model are
lisfed in Table I The modsl was vilidated the proposed droop

. gomtre] by, controlling Faquency and volfaze as shown in (18).
“The droop gz m and_n can be adjusted as followme

relationship:

(18)

where, Joand' ¥, are nominal frequency and swoliape, respec-

vely. P #nd Que are amplimde of active power and
Teaciive power. Also, 1 is the percent crffmqueu:y and voltage
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vartation alfowsnce which is normally less than =05 Hz for
frequency variztion snd less than 5% for volage varistion
sccording 1o PEA (Provincial Eleciricity Awthority of Thai
land) recommendation. The simmistion results are depicted in
Fig 6 - Fip 100 Fiz 6§ shows the response of the proposed
control; A% capm be seen the: active power was 15 kW and
Tesctive power was 4.5 K¥VAR. The mazimum voltagze wes 310
W and the maximam frequency was 49.6 Hz The resalts show
thss the propesed doop comrol can regulate the Sequeacy and
voliage within 1% deviation  Next, the simulation model was
tested at 5% of voltage variation and ©0.1% of frequency
variation as shown m Fig 7. 4c expected. if ugh perceant of
voltage devistion can camse veltage drop (from 314V to 302.5
). However, the proposad control csn maimtam the voltage
within regulstion of PEA which is 5% volfage drop. The smidy
suzzests that droop rain shivntd keep small percent of variaton
by combining more fian one dfeep comverter function m the ac
microgrid Fig. 8 and Fig. & illustrate the step changmg
demand; @5 canbe'seen, the active power changzing from 15kW
to 30EW &t 2 second We can see that the proposad control

can il Tegulate both Fequency and woltage by dischargine

active power from battery system Theﬁ&queu:yns;dmmad
from 49.6 Hz w 494 Hz and the voltage was dropped fom
310 W 1o 3073V which are Tess. than Tequency and ‘voltage

variation bmirs The ime. current and voltage waveform. aTe:
also shown i Fig 10, Futhsew[ﬁmm,nmymmsmzm.

the proposed. droop confrod technique can be spplisd in ac
microzrid applications.
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W CONCLISION

The'droop comtrol strategy of an AC microgrid in islanding
mnéehn‘gbemdrscussedmﬁaspapu The simulsrion model
of GEGFm wopether with pmm'ml droep comtrol vx.'lmaque
have bean performed. The' 1ecaloulation of llukﬁ:eqm? Tefer-
ence duming islsnding mode h-wahmsnd. The simu-
lzrion resulf Shows that proposed. deeop contol strategy can

conmrol active snd resctive power of sn AC npcrogrid sats-
“Tactory:
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1561015 ikt ac th

Abserger— Hierarchical ac microgrid conivel sivategies are
pressnted in thiz paper. All operating moder of ar microzTid are
also discuzsed and ranked. There are fwo operating made in an
a0 mixrogrid: srid-commected mode and ishoding mede Grid-
imﬁhdmn&zoprﬂndgnﬁﬁqgmcmdmth
20 micrognd wheress ishoding mode i+ operated without the
utility grid Normally, energy conversion devicas such 2 2 de-de
COBVETTaran ac-a converter and an mverier have a local control
Emilﬁmcga solar imverter will Bave a MFPT control mode;
however, if the ancllary service far reactive power Compenss-
mmmmrﬂug\eﬁmmmm&m&
will change from AMPFT mode {o constant voltaze mode Alean-
while, other devices can mrbremaimlpawu’inlhgném
stabifize grid voltaze Therefore, hierarchical control stratezy of
2 microgrid it necesary fo cootrol and stabiize voltage and
immmqnth il Hierarcincal conirol can akse offer

proposed pager
consists of four ranks: corrent and weltaze Inop comtrol for
'rlgﬂ:tugvﬂhgzndmnmtmm geaeration (D)
.primary droep control secondary dreep oomtral _and ue;l;pd

Tkﬁruhdhahdi&lﬂuﬂaﬂnguﬂdﬁgn&mtmuo—
zrid applications.

Eeyworids— AC mirogrid, Ihap control method, Hierarciical
controf, Dirributed gemeration DG

18 INTRODUCTION

Mowadays, weorld energy demend 1s wemendously ncyea-
sed more specially m the alactcity sector, All renewsble and
altemanve enerzy resowrces (FES) are nacessary and raguined
w0 conmelt with the ulity gud. Consequently, FES have had
mcressing penetrston levels for grid commected dismibaed
Zeneraton (DK} I Tecent years. Photovelimic, micTo-MEbme,
wind nebine and fel cell put forward many propusing sppl-
cations with hish efficiency and low entissions. Together with
power electronics technologies, these have providad an impos-
man: fmprovement for RES and DN spplicatons: especially,
microgrid concept {1]. Microarid can provide mare system
capacity and conmel fexdbility when saveral RESs with diffe-
rent alectric behmviore’ areinfezrared in te same prid. The
microgTid also offers exira degreas o optimize RES: connectad
to the wtlity zrid adiidonally, power guslity requirements,
system relisbilicy and conmal flexdbility would be achieved by
msing the microgrid concept ms discnzsad @m [1.2A4). Seversl
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micTogmids can commected together with the belp of new mfoc-
mation techmology (1T} to conmmpmcnte with the required dats
ihis 15 3 part of smart =rid rechnologzy. As can be zesn Power
elechamics and <matt grid technology will help all RES power
interface ro the gzid possible as chown inFig 1. Several imves-
ters and comvertersare sed to meerface heroeen RES and
ancrogrid. Mommally, B doventer is 3 voltage source type to-
=ether with the droop conmal fimeton in the inverter commoller
Theprincipls of droop conmol is minoeduced in [1,5.7.00]. The
Talaonship berween aciive power(F). fequency {w}and reac-
tive powes (), Toltage (£} 1= applied m the controller as dscus-
sed in [10]. The droop conmol = somefims known a5 P— o and
-k

I‘..lz.l.gm‘amnntmlmm:haim renewable and alwema-
e epergy deielopment plsn ¢AEDP 2012-2021). The main
focus of this AEDE is the 25%a of total nsed spergy i Thailand
are fiom renewabls and aliemmeive energy resources (RES)
instedd of fossil fials by 2071 Therafore, the rotal RES i
9‘021nﬂlbeabmsmﬁ-‘i’.'a.|ﬂ!aﬂlmgﬂl}mem WEW

in2050. By eshmating 3 GW bvdro powes; 2.5 GW biomass,
2 4FW solar powes, and 1.5 GW wind power wall provide
energy to the electmical system about within 2021 [3]. A= can
be seen the infrasmucnme of exist slectmical pomer system is
Tequired o adapt for supporung all feedins FES powes.
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Fig 1 Proposed bisrsrehical confre] ttucnurs for & microgrid.

Enersy managemenr system (EMS) from DCs in micrognd is a
ey dssue; 0, severnl researches have been proposed. The
Mdmmmmxmmmmm
‘been proposed in [¥]. Droop commel theory is nsed to stz
active and reactve power ofeach D {108, 10]: Fraquency and
smplinide Toltzze will be decrease when micropnd supplies
moTE Echve power oo the required doad This decressed fre-
qmqmﬂlm!emmmdlammnmgﬂmdrmp
conmol as discassed in [A]. M.cmg;uql:ms]an:\!mndmtu
cail *slanding”™ roode [2 ]].Inmlsndmgqug Ahe nolity gnd 15
disconnected, terenpon, muorognd will actas constant wolage
source sgplving to the loads Morsowver, EMS fimcton in
m:mgndcmmmrdmmwpawmcmnpmme Tolizes
mmmmmopﬂmmmm
crested front the conmected Isad Power fow contmol bemmesn
icrozrid and wtility grid i also dscussed i [1]. If addional
pmm]smqpmdﬁnmﬂnlﬂly E»Enﬂlahmrpﬂner&m
he utility gnd On another band, the macrognd can supply the
enspy back 10 the wilisy if the microprid has swphis active
pover. The conmmmicafion among DGs and convertess can ba
done using low Sequency commmeucation bos {1} Thas €&, 2
few researche: have explained how 10 classify s control lavsl

mmcroerid: therefora. it is very diffiads to undersand
hw;n&ug:ﬂﬂcmud{umhmmmm
That i why, the hiemrchical control staiegy is pragemed m
mmmdmmmmmﬂmmm
wall be orzanized into four sections. To begn with, comvertsr
Wh%mmdmmdm
modes are disarced both grid-Commectsd and landing mods
Wmhmrmmnlne:hmthmposedbﬂsedmpm
cipal ower elecoomics conmol o epulate the anmlitde vol-
tage and frequency. Lasdly, the conchezon js discuszed The ex-
pectation of this pspar s fo provide the ovarview of microgrid
conol relagonships m osder w0 desizn the commel: of micro-
grid properly
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Fig.3 Gonsn!nomim of PEAmicrogrid,

I~ POWER COMVERTER CONIROLFOR AC MICROGRIDS

Bafore confivuons discussion, iFis necessary to mdarstand
& fimction of A power comvertsr in & micTognid because & po-
Wer comverter plavs gn dnponiant role St ooremid control. A
powes comverter is 8 @evice which s usad 10 interface bernesn
the RES or energy sorage sources (E55) to 3 purognid: thare-
fore #t 15 = Key 10 sat the comverter confrollers i ssch DG The

i PEpese of @ POWET COTVETIR is-fo synciTenize a power

sOommce tood mmcrgsnd so that wbe snersy can be mansfarred
herween 8 microzrid and a power source: There Ak o main
fimcdons of 8 power converter: mrid-feeding mode and Frid-
supperting mode. Cﬁai.—ﬁedl.ngmdelsathngasamz o
‘feed enmerszy to & microgrid: wheress. snd-sIpporting mods 15
mngmmgﬂmﬁamvmdmlmge nzsmcmg;nﬂas.
‘Aistussed in [T},

A - feedms mode

A power comvedter opemating at erid-feedmz mode will
tmﬁarm&g&ammgvmamamimd
Mmgmlmmmlhdmsmmemmd
Enargy to the micrognid Gom PV or Wind energy somrces, &
ClErent soqece comverter 15 normally presentine high pargilal
puipie mpedence which) allows & grd-feeding converter
npmﬁempm:ﬂglmmuﬁxgnd-m:m.&mm-
mpumpmm@m comroller s nom=lty used i gnd-
feeding mode by setting the refarence active power (P and
reactve powerid’ ) as showm in Fiz 4.Grid-feeding comrerers
will moniror Sequency and voltage =i ihe point of conmon
conpiing (PCC) o synchronize with' am ac mmcooerid - and
trying to feed @ current s mmsch s posable. Therefore. Frid-
feeding comventers requine g refapence voltage and fraquancy
fom ' mucrognd fo perform a dy reference fame as discussed
0. [4]; coméaquantty, prid-feedins comrerter camnot operts m
an sEmding operaton if there is o 2 Frd-supportng comEr-
t&= or & local syachronous gensrsion.
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Fig I Propesed Werarchical conire] smucturs for @ micoeid.

Enerpymanagement system (EME) from DGs in mecrogndis 3
key fsmer so, severnl resednches have been proposed. The
concept of hisrarchical contral for 2c snd de microgyid has
heen proposed in [1]-Droop commol shadry it nsed 'to meuléte

‘active and reactive powes of each DHG{1, 8, 101]. Fraquency and

eoplimde voltage will be decrease when micropnd supplies
moTe. active POWET. to-the requited load This decressed fa-
qmqmdmhgesmmmﬂmcu@m@mmgmm
conol 35 disrassed n [9]. Micrognd can dlse operats what is
sl *fslanding™ mende [2]. In islandimg mode. the nolity grd is:
discommec ted: thereupon. mécroznid will act as consiant voliage
mmwﬂwmh{mm‘u EMS fimcnon
m;ﬁmmmummmmmwhxge
mmmmmmnpmmmum
nﬁﬂdﬁmﬁecmﬂi]mimﬂnntmhﬂnem
‘microgrid and utility zxid is aleo discussed in [1], If addimional

pwes is requited from the wnlity, EMS will draw power fom
meunhypimﬂnﬂﬁmﬂumgﬂmmmlyﬂn
energy back to tha wility if the mitzogrid has sphss acive
power. The comermmicaton smenz DE: and comerters can be

done nsing low Tequency cmm:shm'tm [1], Thms f=r, 5,

:uh@%cmmmmmmmn
'ﬂmuﬂhy,ﬂnh;mdunicmmhlmg-mprmaﬂm
Mp@aindﬂf}sﬂrﬂthcﬂﬂdﬁﬁmhpﬂpﬁ

e orzanized info four sectons. I‘n‘hﬂpn‘ml‘h, coavetsr
mmmm;mmm Then mutrogmid operating
modset are distussed hoth srid-commectad and slanding made.
Mext, Wierarchical conrol rechuiqae 15 proposed based on prin-
cipal power elecronics control e regulsie the anmlitude vol-
tage and fequency. Lasly, the conclusion is discussed The-ex-
pectaton of this paper is 1o provide e overvien! of microzrid
conTol relanonshiys o order to design the coafral of nucro—
gxid property.
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Fig 3. Gememlnotion of PEA'mecroarad

T POUERCONVERTEE CONIROLFOR ACMICROGRITS
Bafore contnuons discussion, iis Decessary to understand

&-function. of & power cemvertzr in 3 pocrogrid because 2 pe-

WET cm\.'eﬂerpla]u a1 impormnt role @ microgrid coomol. &
EITWES COTETter i8 #davice which is used to interface berween
tha RES or energy ctoraze soumess (E55) 1o 8 ncrozrid; there-

“fore, it 13 2 ket to set tha comverter conmollers in each DG The

mam purpose of @ POWET comverter 15 fo synchmonize & power
souTCeE to 4 mEcrogTid so that fhesarersy can e wansferred
berween & micTogrid At 3 power source There a7e Bao main
ﬁmnfummgﬁ-ﬁeﬂ;ﬂgm and Frid-
supporing mods. Chid-iedmglmdzumgas:mchu
feed epergy 0 2 mocrpemid: wheress, snd-sapporting moeds is
upmmgmae@lmﬁwvmdwtmgeﬁzmgudﬂ

-disruzsed m [T]

A G feading moda.

A power cotmvesiar pparating. st mrid-feeding mbde will
wensfer energy fom energy sowces [0 & nocrogmd Grid-
feeding conventers are conmolled a5 A corment source to fSesd
enargy fo the micoognd Fom PV oor Wind exerzy sewces. A
OETent smrce commerter is pomwlly presenting hish pamilal
oume mpedamce which alloms a gnd-Sedine comverter o
upmtempmﬂe.wﬂlu‘lﬂ-guﬂ-m{imgmm A maa-
onm power point (MPPT) conmooller is nommally usedin snd-
feeding mode by safting the reference scfive power!P")and
feactive powar (7} %5 shown in Fiz 4.Grid-feedine comvertars
will memitor fraquency aad voltazs &t the point of conmon
cpupimg (PCC), to synchronize with an ac mécrogrid aad
rying 1o feed a Cmment as much 5 possible, Therefore, grid-
feeding conwerters requine s refuence volfsge and faguancy
fiem 2 mecrogrid to' perform 6. dy Teference frame as discussed
m!'-d-]”, consaguantly Frid-feadine comperter cannot opemts in
a0 islanding cperation i there is no's md-npportins coves-
teror a locsl synchronous generaior.



F:g.+.':mlpmd@_:-u!'5ﬁﬂ-_ﬁnding:m

B Grid-supporiing mods

Grid-supporing  convesters. are geperslly conirelled o= 3
Lﬂﬂgm{emﬂmﬂhwﬂlbﬁaﬂb@mmm
opemation. Battenes-ar othes BSS can be msed a5 the emerzy
source for gid-mpporting cenvester to regulage the micTozmd
smplimda voltage (E™Y and frequency o) by controlling acave
andraamxepqwﬁda]nmmhmugsd,ﬁ}{m.ms
line-interactive umintermipable power sply (UPS) In some
cases, 3 gnd-SUpporIng ComveneT can akio coamol os & cETent
source like gnd-feading comverter m winch the comwrvern=e can
operate in o mndes. The comvertar can naf only supply the
curent fo the mmcrogid but zlso regulste, the microznd yol-
tage suplimds and frequency. For instance s PV Farm or wind
fanm is requred (o pecfonm & velytar coamol 0. suppor: the
gnd via md code reguleon of the mility such as:-Provinoial
Elecricity Aunthority of Thailmd (FEA). Droop coamol tech-
migne s usnally applied in id-supporting comverters [4] &5
depicted mFiz. 5.

Fig 5. Comerci paradigm of grid-seppartnyg posmarnars:

I HERARCHCAL CONTRCL FORAC MICROGRDS
CSmce sevesal RES and mlgple koads can conmecsed o3
miicTogrd, fere are reguired a coutoller differenty either grad
-feeding mode o7 Frid-supporhing mbde’ Tn sddten, a0 micTo-
gride  gemerally have moo operadon modes: shd-connectad

moda and wlanding mode. Therefore, voltage and Tequency
stabilify ismes of o opesadon modes of & micmogTids nead
1o be considered. There are lists of microgrid conme! functons
for solving frequency snd volaze stebility issnes as follows:

=  voltags anplimde and frequency are required to

= 3l PES and D4 are sble to share supplisd powes to
the load in ac micro gnds,

= ifthere is 3 faulr in vhlity zrid. microsnds can detect
and disconnect from the end and operate in islmding
minds Thean mucreerid can be recomnacted to the grd
after the faudt is cleared automatically.

= ‘mucrosnds o conmol power flow at PCC connectad
o the unlity =rid (de-line frequency commal).

= mucrognds requre to have EMS for ensrgy
efficiency.

Consequendy, hierarchics] comirol stategy of &c micrognd 15
mecessary 10 conmol and stabilize voltage and Fequency in the
micTogrid. Hiersrchicnl comrol sgategies for ac mucroszids
oan be claszified imre three levels: primsry commof, secondery
comtral and tertisry commol Primary coomol is voltsge and
frequency conrol @A microsrid Voltage amplimde and fe-
quency are regulsted i both zmid-comoected and islanding
opesation Active power snd reactive power are Mdependenty
conol m esch comerter by using voltage snd fequency
'@matﬂnepmmv-tnchﬂumu'Wbcden&—
feeding comvenier is wsually wmlized in fhiz primary conoel
such as PV conwemess and wind comveriess which consists of
voltaze conmol Joop and cument conaol loop. Secomdary
congrol 15 3. pomsrol ctechnisae, for voltese and fequency
mnm&iﬁmomngmmumedmmm
Jevel to restore distirbemces volmge and freguency to be
normal i microgrids. The tertiary comirol is applied for EMDS
in micrognid and deline powar flow conmol gt POC which is
contected o unlity gid [7].

A Primary contral

Power comerers of each RES of DNG are peuesally pemallsl
Lma‘wdaﬁacmmtmmthan:imgnﬂ.?ﬂmycmu[
will optntally supply =cive power (F) and rescive pamer (1)
of gach power converters eythe miczogrid. For msfance PV
Dmmmﬂmumrmdemdlmam
:v.niz‘b;epmm.ﬁ:omﬂmﬂ'm In thiz case, the PV con-
verfer is & operainz in grid-feeding mode. As previously
mentionad s PV comvenes can also operate in gmid-supporting
mode niuch is remered by uzlity gd code. I mucregmid
operating in an jslanding operatica, the PV cofrventer in grid-
Mmﬂemﬂangemwlmgetmhmwmﬁr
conrolling active power and rescfive power 83 conmnanded by
fe primary Contped Enown s droop onlnﬂLl.l&] I!IEP.I]ID-
ripal of droop conmel is nmasmlmg
comTol o3 synchromous Eenerstor o primary contol,
commrmicinon sigmdls smons powsr conveTers do Dot
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reguire becamse promary conmol 15 3 conool paradiem of each
powes comverter wlich is designed for smtsble FES. If 3
power comverter withowt droop control fimcton is nied and a
micTogrid operstes moan islandine opersdonm this power
cowverter will disconnected from the microgrid and then stop
operstion unal the mucrognd becomes fo operare o ETid-
commected operztion agsin The relatonship of acdve power
{Fwith frequency{sjand reactive power((y) with voliage
(E}is illusmated in Fig, 6. This relatonship bemween F-a
and ()~ E cao be nsed to zenerate voltase and cmment refer-
ences for voltzee and ooren: conmol loop i each comverter
comnected o the microsrids 8 shown in (1) and {2}

ai ~mPLP)
E=E"“n0-0)

at=

where, & is frequency raferance;
F is anplitede of voltape referenca,
F is acrive power reforence.
" is meactive power reference:
mandn ate the slope of ‘droop-conmel [3] s represensed in
Fig & which can be caloulated from the relationship of APf7
snd AQYAE The droop.comim] slope mand # oan be writen

£1)

—_— = )]

whese AF mad AL are woltige and frequency dishubance
respectively. P and () are maomnmn active and reactva
mrﬁﬁfﬁéﬁm:mmm?ﬂtﬁmde,nﬁm&t
-mmmauxmaﬁoadmd:apadccfbamnamﬂmdﬂ#&r
maxinmm scve power(P_, ). e droop conmol slopem= 47

/2P _ as shewm i Fig. 6. FEES will supply active power when
(P20} and reactive power when () > 0 wheress the converier
will draw enersy fom the mucrognd when(P<0)fo chasge
the hattery.

b
g o
o,
arF| [ & - = Y o
kit | Ciamacties il il
e 1 #ra
- P
Rk, . Fa -

Fig 4 Thia rehoesioy betwmen " —ar s+ feof droop coxoaler 2]

. Secondary conmrol
T!Epmpnsee.ufsecnnduv:mulmwlmzeandﬁe-

quency swbiliy; thesefore. conmmmicaton simmals among
mmmmawduenamm

frequency conmrmmicaton can be applied for monitoring and
conmolling every power converters a5 explained m [T, 10]
Secondary conmol will perform calmaladon of acoive power
reference (P and reactive power reference () and then send
calmulsted P and " to esch power converters for sdaptine
droop contrel slope in the primary conmol 85 depicted in Fig 7.

Fig 7 Secondery coadul of an ac megognd for volage appiinds and
Saquncy cosprasahon.

B.] Frequenc) coirol
‘Bamically. flequancy devizion will depend om actve
ms@hﬂbhmtﬂdmm thie balanced
of conmected Ioad and active power can beusad 1o determine
Consrol parameters or compencating thic frequency deviaton
Frequency deviadon Tanze is dependsd wpon uility for
instEnca, - ﬂ‘j"ﬁzr.sregahum.ﬁx?ﬁ%a'ﬁ‘:l—hcpﬁmg
froquency BT canraller can e applied for frequency commol
o comnpensate the emor of refersnre Fequency which can be
calcnlared T (S):
ey T +

=k, (a0 VVE, (i - 6]

where & andi, gre 4 propamional contol (P)and imtesral
conmrol 1) gain. Frequency “control will ‘momitor miserosrid
frequency (g1}, and compare to Tequency reference [l ).
The esor betweena) andal, 1s compenszted by PT control-
ler (i topether with the wnlity =id “fFrequency (ae ) fom
synchromization Joop: This frequency ‘conmpl parsmetsr can
send e the power comverter drecp conipol B compensate
frequency eror by conTolling acive power smpply 1o the laad
wmwm if the gemerstion 1= nmch
tpog than the demand [1. 5]
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B.2 Folrage conmal
PI controller can alse be ufilized for voltzge amplimde
jom in secondary conmol. The PI confrol parameter
cam be cabculated in () for each connected podnt of a comvrer-
s Voltage profile of each coaverfer will send 10 voltage
comroller in secondary control to caloulate the error of each
comvertar to perform voltage compensstion i primary conmol
via low Sequency comnmmication Therefors, every comverter
cm perform the voltsge compencation at the same ome 10,
1]

SE=k (B Ep )k [ ~EL)E ()

whaze, ¥, mdk, are 3 proposional-conirol (P} and imesril
conol(f) gain SE &5 the compensated pamimeter Temt w0
Converisr primary conmol to 8dsps dreop conirol slope.

L. Tarnary control
Enerzy management system (EMT) and geline power

Ao miﬁemjmhﬂcﬂmmamﬂvcmm The gmenca.

of fertiary control i te decide the opesating poim of actve
PoweD ﬁm:mdl.R.ES_-_ thersfore ihe power Sow in 2 mictozrid
and the PCC can be conpolled Active powsr transfemed
between unlify gud snd nrcognd can be esamated from load
demand and repewable snerzy sensmaton as explaimed ua_[l]
The power flow cam b2 mpgulated by adjustne the phase o
smdv;mmdsmphuxmfﬁnxﬂhgemdeshemum
[1.24] Fiz §.iflnstrates that P, andi) con'he compared with
actve powar reference (P jand reactve power reference (1)
Ty probing actve power (F) and Teactive porwer (1) thiough.
ibe solid simie switcho The P1 coninal parimeters sach 85 acive
‘power control parameter;Pl ) and rescine power cooirol
peramater (OF 1 ican be compuead by usmg (7) and (8) fo. rans-

=B LB - B)+ b, [ - Rt @
En=et0l -0 1k, [ (OO L]

whese: k_ ok % ond k,are T conmol pamemerers of the
testinzy contol :ump-m..amr Also, o and E7, are fequancy
amd Tolage reference for powes Sow coatrol Thic
Frequency and voltaze reference will then send to secondsry
conero] w0 perform frequency comtrol amgd veltage control a5
shown im'Fig 8.

In an islanding operstion. the Sequency reference af, and
voltage smphimde refeence £, will become e and ' in ze-
condary coniol When the wality gnd restore:, the micrognd
will start grid synchromizabion Trocess. At this point, ‘ef, and
I, will equal o the measwed Samebey and voltage aupli-
mde fom the zrid In consequence, the Fequency end volmgs
amplimde of the mirrosmd will be 3 ssme o= niliy grid Then

these reference zizmals can be provided to termary conmol after
i

Fig & Tertary comrclof powser Sow comred st POC

Power exchamge berwesn ubiliny gnd and microsnid 15 depen-
dedipon Fyand(¥ so that acive Powsr and resctve power
canba Independenily supplied snd oo 1ed a5 shown m Fig
4. Bidmectonsl power flow ar PCC can be achisved by nsing
terhiary coamol. Droop congol slops will defenmine the rated
active power by sdusting Fequency (e ) end voliage (£,
m.ﬁmmeufﬁem,gmem
Eid frequency reference and acove power is mome than zero
(F; > 0, the microzzid will aupply sctive power tovthe ulity
grid. Meauwitle, if microgrid cammot spply acve powsr to
mqlmaﬂ.lmds (P <), mwm@dmﬂmm! POWET
mmmmhwmmmh
the same case, tha volmee amplimde can be regulated by sup-
phying and consmime reactive power (), @) ot PCC as dis-
cssedin [2. 71,

Fig 5 Proposed Bararchical conmolisrssy of ac mmicoends [16]
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Hierarchical conmol smazezy of ac microgrid can be imple-
mentad to conmol and stabilize voltaze and faquency in the
micrognid as shown i Fig 9 It chonld be noted that power
comverters Can operate both grid-feeding mode and gnd-

[0} 11 hﬂn.F Maxin, ad 1. W hmg, “AC-Micogrid: verms DC-
micegrids with distrbued energy mesowves: A mwiew” Elwvier,
Renewable and Syrtumshle Snergy Reviews, 22 pr 308205, 2013,

[11] P. EL Dohali A Alivondes, 5 F Hosemon, and ML Abedi,

supporins mode depending on conmoller semne ters I
‘primary conmrol. As can be seen in Fig. 0, three imparant con-
ol levels can be implemented; then the conTol perametars of
esch power comverter can be compuzed as previously discus-
sed which we will repert in the fifime works. The coniribu-
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