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ABSTRACT

This thesis develops an interleaved bidirectional Buck-Boost DC/DC
converter circuit for a hybrid solar and battery inverter. This proposed is used to
support energy management and power balancing by charging and discharging the
high-voltage battery. The single-phase hybrid solar and battery inverter is built for
220 Vac, 50 Hz, with a 400 Vdc DC bus. The rated power and current have to be
greater than 2.5 kW and 10 A. The interleaved approach is employed in the DC/DC
converter to reduce ripples in the input and output currents. As a result, passive
components such as inductor and capacitor sizes can be reduced. Furthermore, the
converter's price, size, and weight can be lowered. The proposed DC/DC converter
implementation and evaluation are divided into three sections and each part was
tested under Grid-Connected and Grid-Forming conditions: 1) MATLAB/Simulink
program simulation; 2) Hardware in the Loop Simulator simulation; and 3) Interleaved
Bidirectional Buck-Boost DC/DC converter prototype circuit. The modeling and
laboratory testing show that the designed bidirectional DC/DC converter circuit can
successfully support energy management and power balancing in both on-grid and

off-grid operations by charging and discharging the high voltage battery.
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2.3.2 Boost Mode (Battery Discharging Mode)
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(VLL“) DT + (V—i” _LVOUt j(l— D)T =0 (19)
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2.5 7995ABULIDSLADSNITTLANSILUUEBINANIY (Bidirectional DC-DC Buck-Boost
Converter)

Mulagn1sanelaund Ul Nia@esianig Fan1sa1aloundaauasdianIauy
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= . ~ ]

Maulindoniu ndnn15MNINUYeIIRTABULIOINOTHUUADINIANIIIETNENN TN UL
wiloufu Buck Converter wag Boost Converter filgnanaundnagu fafunisiaiuazgn
AIUANMIENISABUINTAEINT S; uaz S, 7¥i1971uUU Synchronous wazlun1sviuees
1933A0UNBSMBsNTELanTs gnatuaNiazUoudyqias PWM liiuaing S, dloviaulu
Buck Mode (Charging Mode) vitlinszualuadludaunned uithauauuagoudyn o
PWM T uadng S, 299598911911 lu Boost Mode (Discharging Mode) Lagnsguaazil

firnalvagenanuunnes Agun Juazsun 10 aud1su

|in=
S
. &AD | | i
+  m— l_ »
VDC <_> Cin__ +V- — I_l_ll VO
52 L C ' —
D, 4 T == Vpatt

E‘U‘ﬁ 8 99IAUYAVD Bidirectional DC-DC converter

2.5.1 N1991797U Buck Mode (Charging Mode)

lun13991uves Buck Mode (Charging Mode) AMmualikssfiunemuazva Ve 3
Usinaussdulniiadeunniussfunsiuuunmed Vo, Fidunisinavesnszuanas
fadalwiagivnaninnieinu Voo Wduumne 1unis Step-down sefunssiu Buck
Mode a150uUsn15919lel 2 annue fie aind ON waz OFF #agudl 9 FaAnainnng
mivAuwazlaudygyins PWM Tunadng S; ndnni1svinauasinliounun1svinauues Buck

Converter AlANa1INII19IAU
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2.5.2 Tviun Boost Mode (Discharging Mode)

Tun1371197uv949 Boost Mode (Discharging Mode) finnunaliussqun1eniy Voo i
Usnaussiulwitiadetosniiussumeiununees V,, fajunislnavesnszuauas
masliiazlnaannniednu Vg, W Voo unis Step-up sedulsenu Discharging
Mode awnsautanisinels 2 antug e a3nd ON uag OFF fagudl 10 Fuinainnns
mvAukazUaudyaias PWM uaaind S, ndnn1svinanuasimilauiunisvinemuves Boost

Converter AANA1INITIIAU
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i.
J — Switch S,“ON”
S; D,
Voc (M) C -L [
N | —— —
DCC_) in + Vi g:_ i
S5k 0 = Vpart
— )
iin‘
T Switch S, “OFF”
D,
L iL io
Voe D Cip =2 i C: et ]
S, f = Vpatt
—>

gﬂﬁl 10 M9¥119714V83 Boost Mode (Discharging Mode)

2.6 Inlnlagvasnautiasinasiuudaasiianige (Topology of Bidirectional Converter)
AOUBS MBS LUUAR T ANl AUSEUUM SR UNS U0 ILUNLABS A2Fos
Junounedmesfiiimadanionssuiunissiensyualaegsaoiiios welfnisviiaud
Uizam%m‘wLLazﬁmmqmﬂ%’mumaﬂmema'%" Tusuideves K Tytelmaier, O. Husev, O.
Veligorskyi, and R. Yershov [4] Tiasgsilnlnladaneg Aldfiuneunesineswuuasafianig
ASUITUUANAUNS 1 UBUARDS BeazeSursnauasinesUsznn non-solated 1undn

wazaunsnagUinainuguvesuiaslninlaglafwsnem 3 uagnisem 4
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M3N 3 InaudiugIuvewsasinlnlaguatpauiesnaiusean Non-isolated [4]

2
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Vi D Vi%@\';h
SEPIC/Zeta D D " 2 5 L
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Basic types of single-

Basic types of single-phase

Topology
phase NBDCs NBDCs
Half 2 Tapped
bridge inductor
Inverting , .
E‘f." r;;{q Switched
bidrectiona v, A e T L ol Lo
l T T ] capacitor
Cascaded
bidirection- Ly
al
T, e EE I
Cu anl 7 T lo L Vvt . ol SN
# JJP qu T leaved " . % . 1 L'M
' JE T
Inter-
. & 5 leaved i .
SEPIC/Zet 2k o J% L
Vol ¢, | T & c. l"m with Ao -
I Ao L va () . J_ )
a T o4 T L - ijlw
charge B |
pump
MOd|ﬁed . T:JE,} E%.Lf
BDC with = ¢c,__ I ;,: o L
coupled : !,'" .
inductors L‘% :
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1N9TUTIYVD Y K Tytelmaier, O. Husev, O. Veligorskyi, and R. Yershov [4]
wuirlutagumsunedinesndeurunldluszuudnfundsureswunneilszan
Non-isolated lawn Conventional Converter, Bidirectional Cuk Converter, Bidirectional

SEPIC/Zeta DC to DC Converter ez Coupled Interleaved Bidirectional Converter

261915Am3 AU INAIATINUTaIEY WU N1SNTEIaYRINTEwa (Current

a1 Y

Ripple) fenn vuavesiwmieshfivuiailng usswunnasesgunsal A1dns1dIusEnIe

fa 1

W39 warATUNTmsHAge dwmaliuseaninmuazauiiiedis (Reliability) doy wag

'
14 6 v A a

AUNUNDNLRNNINTUAIY ABULIBIIMBTHINMUNTNAAY WuAe N1slvuseanTnimas Ay

o

o
[ LY

UnTohe wagn1sAuANNY Wesdnwallagninainddeliusednsa ity adnnn fany

) 4

nstswmatagesvainddadundeuwazinluldlunauiasinesuseinyn Non-isolated

=] [

NN szwadagesnadndeanunsaliussansameainazannisgaidendany (Power

o

(%
a Y

Loss) DnNanvuInkazinntinvadnaunasineslaonaie wragralsfnumainsasnainda

' [
v a = o = =

Failnadslunure99sNFudeunNTuL dewalvidaunugu n1saruaANkazn1sUTuudl

9 Y

AUENTU

Tus1uideves S. A. Gorji, H. G. Sahebi, M. Ektesabi, and A. B. Rad [5] na11<
Inlnladuaznsmunuvesreuiofines futseeniduaestszian oA Non-isolated waz
isolated dw§ulnlnladfishluldiussuusnifundsnusunnesagldlninladidulszsam
Non-isolated snfaaeatis Cuk wag Interleaved Topology WARIRIMIST 5 Snvazans

MULaETALTAULANA1TUW Tulninladuuy Cuk 92TanwULNITHIIUAD NTLLE

(Input Current Ripple) Aen15 Coupling ftniieailn unsauslnlnladuuy Interleaved
NN ¥ULNTINNUNAINITIanANANITEINTTwesnTeLaLazl Ui nTosdyIusunIu

INNTAIATTINTVUIALENAS TINUEEMTUTZUUANAUNS I ULUALADS
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I1UIU NS
. y U U Anwy )
Wwle8 /7, @ o . Uszend
L. Swiuusey a@nd RN )
WTe1N 1o

1 UmlnuaE 1. S¥uu
vuwwanas (31 enueus

. fumane)
Multilevel n=3 0 n(n+1)/2=6 nn+1)=12 v
2. Usuduna
wsanulAe e

AND

NnmsAvdu Peldidenaounesinesfiliinaiadumesanitimummnzaudmsy
Aouesinesuuvaesfiansililuszuuinifundanuuunned Selefvosnisuszyndld
madadumesan Ao 1esvinnszuagnulsivalumiudiuiuisasidiuisdevuiy
inlanunsoanAlATen (Stress) WagN13gadenasau (Power Loss) vesitgunsalle
anANszuaNnsELiioy (Ripple current) LLaszﬁummﬁammﬁwm (Ripple output voltage)
[6-11] AAAUANTAIATTIVRINTZLALALANTLIAVDIFINTBIT I USZANSAIMURINTS
syunemuSeuRiaTy [10] LLammwmLniuéuaqwé’wuﬁga%u Snma Jafinnsmauauitlal
Fugousnee
2.7 MSAATIZANITNNUVDIABULIDSLABINTZUANTILUUAR AN 19A8IATIADULADIAN
Walderusaufvuunnai (Interleaved bidirectional DC-DC Converter operation
analysis when used with batteries)

lun1syinuvesnaunesnesnselansmuUaesiian1evineuegluluun Current
Continuous Mode (CCM) agauu@biiamtle I nFITAWINAUAIINA i, = iy = if o

[12] Weiilyiauladianusuniuludunienin msvinuresnsadnddsluniianiuaa yu
360°

a ¢ W 2 ° 9 ° Y] i
Tunsaieg azwinniu oD 7" Mvualy N AB911I1995 faguil 11
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S+ D, S; Ds """ Sy Dn

S D, Si—H Dy *** SyH

gﬂ‘ﬁ 11 5U1995aULa#NUg U84 N-Phase Interleaved Topology

a

FeluawidedeIdeldduiu 2 2995 w3ei3endn 2-Phases Interleaved Topology

1%
LY

o ! [ ! (9 \ 21 i
sty yuvesmsiauluudazasesyiussiuiiyn 180° vise — nszudeinmRayIz

9 9

WINTUNATINYRINTLUAVRIR IR i) + 1) = iy 1o P9FUT 12

lin

»
>

S, Dy S, Ds

T IL totat lpatt
Voe C_F =
Coc +
S, D; S, ¢ -
— Vbatt

Gais2

180°

Phase
Ggags LShift p

0 T2 Ts 3T/2 2T, 5T42

gih?i 12 gU1sasanya 2-Phases Interleaved Topology
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2.7.1 AA31291159199 U IUNAUAYR9ABULIDSLAD NS LENSILU R IRANI9A2Y
waladunasan (Analysis of operation in Buck Mode of Interleaved bidirectional
DC-DC converter)

Buck Mode : afutumugUisasauyaluguf 13 iawseduves DC Bus Jusany
nAgNINNISIULUAWeIVSolan alnd S, uar S; viauegluaniug “ON/OFF” 713

A9 IndrgNNUAINTUN 180° Mmundnn1sveunAindunesaN NA1IAD LYUTBINIS

o : o <o . 360 Y o e p

vhauazuans e uTLIYensasiandeT. — waglviaind S, way S, egluaniug
“OFF” wazazvimthfiludamuruiianisvesnseuailnaniulalen D; way D, windu
1933RRUnBinefazvhnuegluluuataniansyrfandeunduitinunines (Charging

Mode)

© ©
_FLsH Ayl

—>— i i
+ L, total batt
Ve ( —_
CDC ;*_
D. ;}.j Vatt
>
Vic Buck Mode Vatt

'g“d‘ﬁl 13 3995du3a 2-Phases Interleaved vazvina1ulu Buck Mode

Tunsdidansunsdnesaendva Cpe axiiteumiiuunasdnoussiulniiinssuanss
(Vo wazswunmasasyiminfiunileutuunatnsusaiuliiinsswansa (7V,,,) lulnuedande
IWN@%’]’%R)H%QLLU@L@@% G, uaz Gy fo dyanannadidsdyauduaindliiu S, waz S;
Tvihnueglugianiaives 7, Tneit Gy, uae G Tados ”iy,igm%ﬁwmu%’mdﬁuagﬁ 180°
LLazgﬂﬂauﬁzgfgmﬁﬁm Duty Cycle winifu denalinszuadivanusinieniudazdn i

wag ir, gnuTuuUe 180° sawla Wiewiansaanzinalauands
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1NFUN 14 9znudnsnseiivenvesnszualuniluvasziiaifas uidletnszuad
Inarwdunilerdudaginmuiuidiadeainszua nuinseuanlaannssiuiudaali
AIN1INIEBNgIEnURInTeualiAdamseviviives 4i; anasegreun WaliAnAiaiy

v o N ° a o o = o vo &
WWUW']UIUW'JLWUEJ'JUW ﬁ']ﬁJ']iﬂaﬁ‘U’]EJaﬂ@m%ﬂisuasﬂaﬂfﬂ'ﬂLWUEJ'J‘Uﬂu Buck Mode lﬂﬂ\iu

91999970 [12]

di _ Vbe (t)_vbatt (t) ; ONswitches S,S;3
" dt —Vpatt (t) ; OFF switches S, S5

Y a Y (3

g1fasuITIRuYesiinisdlunilsnruazdiavinduguduazasnsnsndu

TEMINUTIAUBUNALALD AN IARN

D = Vbatt (23)
Vbe

@)
Dz(t)\“_,’\‘ ,\‘ ’\:t
i

Gs: (1)
VDC - Vban

DX LA K KN
i (1) .t Vi (1) Ve

/\/\M(\/\/ Ve Vs

Al jotal 1L total

i total (1) Vi () .
= Vhatt

>t >t

GSl (t)

v
—

v
—

gﬂﬁ 14 ﬂwmz'gﬂﬂﬁlmaﬂﬂ% 2-Phases Interleaved Topology adzyinauly Buck Mode
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2.7.2 AA51291159199 U IUNA UAYD9AULIDSLAD NS LENSILU U IRANI9A2Y
waladunasan (Analysis of operation in Buck Mode of Interleaved bidirectional
DC-DC converter)

Boost Mode : Tunanduiudnaaauilsvas DC Bus HAMLSIAURASAINILTIAU

a

Y9I NAANIORUANMDT AINIUIRTANYATUN 15 @30 S; wae S; AegnUaAn1svneunTe
“OFF” wazazviminidudimuauiianissnszuanivaniulalen D; way D; Wil
a3nd S, war S, azvireuedluaniug “ON/OFF” Wisaosaindagyinenusiaiun 1800
PINNANNISURMATIADUIRDSAVIITUAY

Iin

<
4

D: D3

IL total It

Voe Cj —
CDC

R i Fs

Vic Boost Mode Vatt

g‘lJ‘ﬁ 15 3995613 2-Phases Interleaved vazvina1ulu Boost Mode

Inuan1991191u9138n31 Boost Mode #30N15AAYI5IUDILUALADS TUlIall
wuatmeIazyimtniduuvasdnousaiulninssuanss (V,,) nasuaansalvanduludadn
Hle n39958n11 Energy Bidirectional Flow n19%1197U989 Boost Mode agvingnupaiuiu
fiu Buck Mode #lana1iun unnseiundeyyrungndeulviuaindlaed Boost Mode g
Uoudyyraulidvaing S, wag S, unu WeliAnAiarudiuniuludumieat @i

a A ! o N ° vo & v a
pduunIEadivanusi el Boost Mode lansil 91989910 [12]
di, Vpart (1) ; ON switches S,,S,

L = (24)
Nt _(VDC (t) ~Vpatt (t) ) ; OFF switches S,,S,
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g1fasusIduvesiimiedlunilsaruasdiavinduguduazasnsnsndu

TEMIUTIAUBUNALALLD AL AN

1-D= Vbatt (25)
Vpe

Gsz (t)

L@,
oL L™ [™ [
el ™ [™

VDC'Vbatt
@D L ok Vel

iL’mal (t) Aiuotal iLmtaI VL2 ('[) 5
= Vbatt

> t » {

G s4 (t)

VDC - Vban

[

g‘dﬁ 16 ﬂwmsgﬂﬂﬁumaqaaas 2-Phases Interleaved Topology Uazyinaulu Boost
Mode

2.7.3 MsIAginszuanssiion (Analysis of the Ripple Current)

definsananmMsUssendldimalindunesanniaiiaiasaeuedinesuuiundily

£ s s =3 T .
PINATVDIADUNDILADINTEUANTILUUABINANIY (Bidirectional Buck-Boost Converter)
i P a ° 4 a X a v %
WUTININTENOUVRINTERATAIANAININTIVIUIATTLRNTU 99Ty [7, 13, 14] 16
AATITANAYDINITIAN multi-phase (N-Phases) Lazn15U5UT0UN15Y19IU89d39% Duty
Cycle (D) NdswaliiAinisnsziionvasnszuannanas wazaziuldiinisuszandldinaia

UABTANANNITOAAAINTIINTUNOUVDINTLUADUNALALLDANATIN LANAUNT

diL,total (t)_ N diLN (t)

d =g 29

ANYAUTVDINITNTLANBUVDINTEUALBIANA Al o PHYINIAINTTYINY

[0<D<1/N] lag@t N fodruiumanly lngauddeild N =2 vinlvinszuansziivon
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gegnlutisiafainaranmsUssyndldimaiadumesanlulnuanseuadeoiiias mlaain

aunng
Al togal (D)=\ﬁj 'fd .(1-N-D);De[0,1/N] (27)
S
AiL,total,max = Vin D '(1— N - D) . (28)
s D=m
V.

AiL,total max — ﬁ (29)
s

Felunuddelimualiussiuedevss Vi, = Voo 8A1A397 400 1286 Auduas

a « o o ~ o a o Ao q v cs'
Giplk] fs INU 20 kHZ agauInuoantnudguUIdLIUIntnIny 1mH VlVl'ﬂ,WﬂqiﬂigLW@llsUaﬂ

1
1 all

nszuaialiiy 15 % selunisiasundasanssuailnariiumimnieiiuas s snue1hne

[y

¥AUBgUAIUTENBY Duty Cycle (D) Wazd1ANTUIVDINISINTINIUIATNYNUVUIULIY

]

WU Aavdenasann Duty Cycle (D) seduiu aunsadeuileiduanuduiusseningdn

(Y]

D AUIUIU9S ARG

Aip_toral = F(D.Vc ) (30)

= &
o 8
3 S
= 5
2 =2 N=2
= >
= 2 Y
2 @
D_ —
o = N — Phase

. +—t t +— —t F t }

0 025 033 05 067075 1 0 025 033 05 0.67 0.75 1

Duty Cycle Duty Cycle

(n) ()

SUN 17 MTiesgviiavesmsiiuiuuaninasenseuadunalaslssfue1ine
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A1NAUNITN 29 N1sanAFNnTleIt WenrualraUesidunisnsziounssia

[ (% [
1 = U 1

IAneliAliAIAs 15 Weosidu datua1vesdanieniezduegiunisiuisuulaivesen
1/ N arduniisnifanasdmalidisanUnaunudinileonit Vege Wothuwnn Wuna

WNNFINUATANgERtuLnuFmilen w fanansaminainaunisassisluil [13, 15]

€ 0 o

HIDATIEINAIUT VUL YRIR LY LAN

di
Viny =Ly — (32)
LN N dt

(%

Wszaztundsnunazanludmieliilaann

t -
W, = % Ly IAEN (34)

FINsLaaN MUSUIALNUALATEITNazE1uNsaAuIla RN

HMcln TN (35)

Veore = 2

Bmax
o By, Ao mumuiLlugsgauesland uas 4, Aon1studiuvesunuinan

AudIdu Amtleatudasiiinssuaaean || o /N e N fedruiuma vilv

ANUTEINBIUTIUWNUTE NI TN (Vg core) MRINAUNTABLUT [13] :

Hc ((L-Al L,total) I N)(I L,total2 I'N 2)
2

Viotal .core ® N~ B
max

2
Hc L(Al L total ) I total

(36)
N2Bya

Viotal core ~©



35

a o

Tudmdfifelihnsieudsumadenlddundeninnnsldsiuua 1 wia
uay 2 wamnemadindunesan Feazimuasilosifumsnsufionvonszuaduwndivinty
devhnisiwssuiteulnefuamafamdsnhdmunsldanlunudded anaunisd 29
1314 1wl szdedldfunioatfifauszuna 2 fTadieud winsdenld 2 wia awisaan

AFnlledld eallAUseann 1 Tadleus waranu1snanAInTeuanseiiauganivnilaain

auns Iy =1y + Al /2 SAssana 12,50 wend wagannaunismanasauagay

Tudnfierunluaunisi 34 wasuazanludirteliinasSunannudlmientiag

o v ~2 = o A4 o : v 8
Waguwlasmedt Ly wag | v (nszuanssiiovggavasimieddilunsasing nieuns

N3AILINAIUSUIMLN YD IR e Ad1u15091Laa1nAT Geometrical (Kg) laedl
Aualvian o windu 1.724 -107% lavin, K, w1du 0.4, B w1y 0.8 wmadn

(Sendust Core) , R v 2.0198 - 107° [16, 17] :

2 12
pLN I LN
Kgcoreln = L8 (37)
SEUF B, RK,

AN519% 6 NSIUSEUEUNISEBN Y AIPIREIUIEINTUNISIEIUE 1 Wd hay 2 wasae

WANAD UK BIAN
wWosiguns 5
) GAMUGEGE
nszwweNveY | L . ASLLE .
- ARtEUN p Tuwnua
. NITUADUNA NITLNDUEIEN .
MUIUNE Ly - WdgIUn
%ﬂ\iqﬂ a_ a o iLN
(UaaLaus) . W,
%AiL,totaI,max (LL'e)il‘lJ)
o (39)
(Wasrgu)
1 4 12.5 2 21.25 0.0213

2 Wd (Interleaved) 12.5 1 12.50 0.0063
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A15197 7 M5iUSeuReuUS Uk U UTRetNE TS UNNSIEU 1 wlE way 2 wiaeae

WANADUMaSAN [17]

\ 4 USunauny |
ATUIAT  WUNKLIAA v a4 . 31U
A2IUE1T AAUUBIUN .
. Geometrical  (A1919 - . )
AUUNE - (lunns)  (gnuIen N
Kg LFUALUAT) - NV edVg
5 | LYURALNAT)
(cm>) A (1)
Vcore
1 g 21.4759 6.71 3242 217.58 1
2 wlg
1.3013 2.29 12.50 28.60 1

(Interleaved)

1NA15199 6 azuladnsidenldAFm e iRNLINTY danalrandudad
- a A a ER @ a P~ ~ a ) PN o
EaNUSUNLNURNLNNT UMY Tum15199 7 wWSsuieuUSunauuaawnualiniediii
NN15IT 1 wla way 2 wladuwasan wiuldainisidenldsuiuaniudy a1u1soan
USuauwnudiwmdetunlaussunn 7-8 i1 kagn15iUSeuLfigunIsAINSE N ouYDILTIA Y

(3 o 1%

INAgean @Sy 1 wlaway 2 wadwmesan lugwn D windu 1 dagun 17 @) dwmsu
nsdenldaunwesiivangdmsunisldnu WewSsuieuseinamaalninnmiabu 3
al Y 6 ! a L4 % LY (3 (3
Aladnd A1A1U1Bmas (C,=Cpe) 775 lalasnisa wseruiendng (V, =Vpe ) 400 1aad

ANUDEINgTe ( f,) 20 Aladsnd NanunsamuIumNaNn1sAswalull [13] :

AV, :L(D_N—‘lj (36
V.C,f. N

N1INTLNOUVBIUTIRUBIANAAIUATTA AV, = AVpe Wamuiaideuiigy
52131950 1wl waz 2 wladuwesan lrafunnssiusgraiulddn AV w99 1 wia
fA1Usyann 0.4839 1aad uil AV 189 2 iadumasan Aseana 0.2419 Taad uagnis

NILNBULTINUAIURUALADT AMUALE AV, = AV,,, 300 1ad Armu@imes (C,=Cg)

a

195 lulasvinfa anudaindds (f,) 20 Alaidsnd vl AV,,, 89 1 Wla fd1Ussana

att
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2.5641 1188 Wi AV, V89 2 iaduwmasan Aruszana 1.2821 1aad Aaiuainnsauan
anusaasulainnisidenlddnuumaniiudy a1unsoanA1n1InIziionveILsIueNAld

Usganad 2 win nnsiSeuiisunshy 1 wd way 2 wlaniudisu

TwUSsusuninanUselovtindnuadn1ssiusnuiuasaounasmas it lulunees

o

JUAD BI8aANITNTLLNDUVDINTEHAN AN UAINTEUN UNndnwasUSu1uue kUi

'
1 a a

WNEIUIVDIAB UMDY TITDANANTYIUNUUTEENTAINVDIABUIBS MBS LA ANLINTU

Weaniamasinfingayide (Power Loss) idunfisntuazaindanas tefdnnialsenis

Ao Welinsiiafdlnihagdenaznisnssienveinseswailvaniudunieninasan vili

(% '
=

VANBEINSINUNINAWLLAZANAIALLASEA (Stress) Yasgunsal dstidqelvignengnis

Tdnunazanunsaanvuinvesgunsalniglunsuesines W dunulszy (Capacitor) 1

U

U

2.8 29ATYAABULIDILABS (Boost Converter)

[
a = [

Tuanuideiaziisasyansunefinesluszuulaviaiinthiilunsifinazéiv
ussulwieueinalifisduuswuigeandussiuliiiudunm Tnslursesyansunies
wesazUsznaulusie aind IGBT (Sg) lalen (Dy) damileidn (Lg) uazdafivuseq
(Cpy 48z Cpc) LARIRagUT 18 Fsmsviauvesyansunesinosussfuednn Vo uaz

=

nszwanivaniudnute i azifanisasundadlugnnaindiinszuanazlivinszua

auneSuignsinaulacagun 19

Ipy i, Ls Dg
N H N
Gate Driver
VOVE va % CDC E VO R0
S
N\ WV

JUN 18 29a5yanauLInsings
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v
L Ve,

Vev = Vo

Ro

} Cocsm

Switch ON Switch OFF
JUT 19 MIVITUYBINATYARDULIDSINES

deadndeglutisdinssuanaviingsud toy wag tog NISHATRNITBUATIIVIANIY

o PN ° ¢ s Yo o &
W?Lﬂu&nu’]sﬂaﬂyjﬂﬂ@umaiwlai f\]glﬂm\iallﬂ']iﬂﬂ(ﬂalﬂu

di, V ; on switch Sg
dt |V, =V, ; off switch Sg

AaiulleNsaniusiulniewing Vo v83yanauiasinesyaen1sinauinsswa

Tnacudwmilenludiwanfainduinsewawas luInssha @a1UIMIAIUIUNIA19AIIEIU

seyihaussfuliiBunmuazieinldandaaunisseluil
v Voy =V,
%DTS + %(D—lﬁs -0 (40)

Vo 1
Vpy (1-D)

:0<D«<1 (a1)
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2.9 19959UL2051085 (DC-AC Inverter)

19958 uesmesasrmtiluntsulasussrulniinszuansslidunsaiulngi
NTUAARU LLazmmﬁmT']miwéauwamamwag@Lméfulw%LL@sﬂﬁﬁ%MﬁﬁﬂWﬂﬁ
nszuaaduld ddlutiagunsieulidunedimesusunnlauiadunefinesifiuiuogieunn
TneszuulausnazUsenaulufig SEUUNSIULATEITNG SEUUANRUNSIIULUARDS way
syuuideuserulasstnglniih lousndunednodinaniduwiudussuudivuldlugiaad
dourenulassurelndails nIelideusetulasenelufifle wiefiGoniuin Grid-
Connected uag Grid-Forming mseululsazaniizaeslausnduesinasaiunsaasuie
el

nsdif 1 ﬂ’]iv‘mmmaﬁwﬂaﬁm5una%ma%ﬁv‘mma@uamwL%amiaﬁ’u
TAsaue il ”Lumw‘fwwumammwﬁwﬁLma'afdw%uwmléf 3 9119 lawA 1) SEUUNa9U

'
U = Y

waaefindniifulasidliiinszuansadunseuansaazintnlunisusSuinssauns ey

(2

@dns Fadinisviruiluyansuiesines aslen 2.8 na1und1eRu 2) ssuuiniiv
9 A Ao Yy Ao @ | =y v I3 salg v
wasukuames Mvimihndninundnulildlugiaiailanamilads wazaeunesinesnly
° LY 4o v < s sl Y v PR a A o
dmsuwunmesiuazdeslunsunesinesnaunsalandsnulralaniassiianig e Suses
N13VIFUALAAYITIUUAADT war 3) asevrglniln (Grid) Asgud 20 Fenisvinaulunig
ALAUNTIUAIMUALNDTVRIANIT LA TOERNUNEITIHIINNAIULARNININ T

wasgrpniasenglniafliiteuazaundsulildlugiwiaigndy

Photovoltaic DC Bus Single Phase Inverter

System
P — —
T K} &

] Filter

Load

Battery Energy
Storage System

JUN 20 szuulauindunesinesivinuluannsgeudedulaseiiglih
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ASAIN 2 N1svinauesstuulausadunesnasivinnuluanisliesunaiulasitie
Iyl sazTunasinedunsliiulvanls 2 s lHud 1) suundseunaserindfisifuas

[

) ¥ d' a' [ v} I3 (v < [ d' d v %
Mt AlunS AL TEAuLTIRUeIANA 2) SEUUANAUNEINULUAWET AsgUR 21 nsusuld

(v < v d' 1 d' 1 [y} ] gj [~ o (v 1 a d'
szyuiniundsnuluanneilbideudanulasenglwinduazidunisuiindsauaiuiun
NEIULAIRndausanan laazindsainnisarendsnulniulvan unazaudullaly
2297811981119 198N15Y19UV9RDUNB SN BSN ITE NS URUALN I AEda T usLUaN
a111505995UN15v19uTUNsSULazIenasulrnuInan e ag1wieanalaeinisane

nszualwihlgagnanaiiio

Photovoltaic DC Bus Single Phase Inverter

System
-— — L _/
T K} &

] Filter
Load

[E—
[—

Battery Energy

Storage System

JUN 21 szuulauindunesinesivinuluaneliweusedulasaiiglnih

nMslenSinunaeindlausadunesinesiniuan Jaadidedslubeennly

astaualunisanenszuwaliilaeg19maiios 91nU90AINADUNI DLLNTLNIIULINIAN
a A Y} I v o o PR | o a a v
andunliihdu Wunalinissessundsnuiiensingluddvaniinnuaiissniniosas
v O v a ) a a & fala P | ) a ¢ a oA
F9UTaRAUDINSUSUHLaUSAB U935 MBSNINISITDUABNS I UBEIDINNG LAZLUALADS AD

v

anudangulunisidenldndsnuldainraisunasdne liaunsadninundsanulildle

[%
a o

AaoALIaT F9luauITelyL NI INAIUIINITABULIBSABINTELAN TIMUUABITANINENSU
% d' a a I o‘d' [ Ly o I

AUk UALABIUUSTUUlaUS DU aswasduskUasmasininnsewansadunssuwanss

lagiin15eunaiuduIasnesamendva LaraI1u15aseIsunIsYIsIUaTAaYITIUTEY
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WUMLADI b
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2.10 i:UUﬂ’JUQNLLUUﬁ‘lE) (PI Controller Design)
HAN13ABUALBIIUNITAIUANTBILAAE ST VUL LANARDUAUBINIMIN T AUNWANFN9 Y

£% £
o w v v

W Fazduegiunmsusurnuvesiimuauiinnviavesseuuiludf sauvistonivun

#1499 uagAuanuuylunseenLuy

FEUUAIUANLUUAREIU (Proportional Control : P-Controller) 1uszuuaiuaudil

fyaanending Uoytout Judedulnenssiuainiuiinnain (Error : e) FaArAuRanaIn

£
' [y

ANTULAAIINKNAATENINF Y1198 ref AUFYQIULDIANAVDITEUY U(t) A9

=

=]

muANazisnIMsveneviainudadi Ky Wudmsdiwesimiliddanaiaiiinaians

anasld wavanusalisuduuienlnezunsuldfigun 22

ref, € u(t) = Kpe(t)

sU#t 22 fhenuRuuuudngay (P-Controller)

TapvasveIn1susuldssuumunuuudngdiu Ao adeenisiissuuinanauaue

[y

Srduanansavldlaenisusuannu Ky Tillegau uinisusudninuaziiddia iesain

Yl a a o Y a = N X Y
ﬂ']i'lJTUf"’ﬂLﬂUWQQLﬂUIU@qQﬁlgquVLﬂ@ﬂ"li“lﬂ@lLaﬂﬂiﬂqW%@QiSUUWNWﬂ%umWﬂJIU@?H

HanRUANRILARTUIINNITUSUANURLsUssasRtiagyilmAnA Wiy (Overshoot) &4

o1vazludunsnenegunsalnieg lussuuld

FTUUAIUANKUUBUTANTA (ntegral Control : I-Controller) WuszuuAUANTI

v

AU INIUNAVBIAIAIUANLAAIINAIANURANAIA () TENINIAYYIUD1989 ref AU

v o {

FUeU10eIANA u(t) VBITTUU Tedyey1aute1AnmazunIINNITBUNTady A1y

]

NANANA J.e(t)dt fiavauluofin (Past Value)
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ref

e ~lu@) =K |e()dt
H0O o| Ki '[ >

JUN 23 famuanwuududinga (-Controller)

TaAr0INsUSUlTsTUUAmUANKUUBUTINTS AB AIAUANEINNTAVIAAIAILRANATR
luanizasiale wivzlianusaandnaiuvesranavauedluszuuls wavnisusuannu K

TdAgeuiuly e1vvhlviszuufianisunde (Osillation) wazdwalviszuuuaaiesnm

A ]

a v bfl’ Va o ¥ = Y o (3 I
luauddell Idgldssuuatvaquuuuiile Plievinlidyyaednnvesszuud

' '
| a

HANDUAUDINAKALYINIVNTTUIUNITVRITEUUIE AN ADINTIUIA vz ad n15USY

= 2

Fryey1auneenmienshssuumuankuy Pl amnsalsuduaunslaned

u(t) = Kpe(t) + K; fe(t)dt (42)
ref e u(t) = Kpe(t)
+' K o
12 Plant
Kj

S |u@) = Kije(t) dt

JUN 24 szuumuauLuuiile Pl
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WHUN1TALELY

TuuniindndsniseeniuunagnsvhauressEUUALANNIIUTEIABUBILA
oinszuanTIuUUADsAmnsiematiaduinesanildlunimaa suvesszuuleuia dsszuy
AIUANTLFUNTEDNLUULAAIALAILNTATUNTIUYDIABULIBSMDINTTUANTILUY
ansfimnisfemaiadumesdn fawnsovhenldaglulnunnsuianaziania lngog
aeldanniznisiauredassiglii msdndunisuuseendu 3 dau ldud 1) seuu
muANMTINNUTeIRBUNDSneSnTTLAnTILUVARIiIrNhemATAB e s Nl dnaaoy
Tulusunsy MATLAB/Simulink 2) SEUUAIUANNITTINNIUYBIADULIBSABINTELANTILUY
aosfiavaemaadumesanildnaaeuuy Hardware in the Loop (HIL) wag 3) S3uu
muANMTINUTeIRBUNDSneSnTTLAnTILUUARIiANIhEmATaB e saNTldnaaoy

Turaassukuy (Prototype)

3.1 53UUAUANNITI1UTuszuulausa (Hybrid System) #din1518ausass1dng
ULIDIABT NAIULEIDTINY LAZLUALADS

TudngUsrasrvesnnuidel Aoin1sHamI9IA0ULIBSNBSNILLANTILUUABINANNY
Y A a sa A o A ! ° | Y} a a ¢ ¢
ﬁnﬁlLV]ﬂuﬂEJULmaiawwaqﬂquﬂuqlﬂLGUEJMG]EJLLaSV]'N']u5'33JﬂU1€[U5W@un@ﬁlﬁ]@i 1 a ey

Mauluannziweunanulaseielnin (Grid-Connected) wagyinauliiaulasavialndin

o
[ [ Y [d

(Grid-Forming) el fetiuni1sAiuaNsnunagvadsdnlusgqunuasdoiniunulnt sy

A a ¢ o & ° s a s s ¢
AYN9N 400 I’Ja(ﬂLall@ NIUNITINITUNITVITALASAFVITIADULIDILADINTSLAANIILUU

v
[y [y [y Ly

aosiAn1sazduegiumasiniieglussuuminlvilssiuRgdatianmvseaindnseAuwsiug

v Y a

FUHO1989 TIUM9TURg

(%

UNANINTT AN TEUAADULIBSHADST TUNITRBNKUUTEUUAIUAY
udlsimasliwdendinindsnunaseoniindinelviulnan Poy —Hgag >0 nszua
¢ ¢ aa & ° ¢ a .
yaamauasinaazinanisluuinuasyinululnunnisesausegaswunwas (Charging
Mode) wsitdlorasliin Poy —Rgag <0 azuansisauaiunsaluniswannszualniitves
NEIULAI ARSI eranisa1elitulnan aaunTEuanaunesnasaziineniaiu
au uazvihululuuanisfawsauszy (Discharging Mode) Litevhmiinfiiluunasdnendssu

d1seslussuu fagun 25
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l(Discharge Mode) (Charge Mode i

g i 1:<0 Interleaved Bidirectional | j :’>0 o
m L,total Buck-Boost L total g
5 T
& Pev -Pioag <0 DC/DC Converter Pev-Pioas>0| @

Control
System

JUT 25 MIVINUYIIAALAAYITIVIABUIDTADINTEUANTILUUABITIAN

3.1.1 N19599NKUUITUVAIUANUUUNDF19TUABULIBSADINTZUENTILUY
a }7 a a =)
fa9VIANINEINALADULNDIAN
TUNN998NLUUTEUUAIUANLULTLE d1MSUAIUANLIIRULAYNIERAVDIIRTABULIDS
LWOINTTUANTILUVADITIAN NMIBmATAD UM saNTTIT N1 TUSURAIAINITITMBSANee METD
An Extended Symmetrical Optimization Method #461484210914398 [13, 18] wazkuzin

nsidenlyAtnaeianI$3u (Phase Margin) 90953 UUMIS MTLWALNSIULNNNIUTINAY

' [
I = A

45 pamn Welszuviiadesnimuinige dddusnuideilidenldmanisiumindu 45 aam
5PUMTAINTTI Tg wirdu 50 Tulasiundl AM15E 036199 YaIABULIBSLADINTERANT
LUUAD7AN1SIUTEUUAIUANNIZUALRREVDINBULIDIAB SN TZLAN TILUUADINANIIAS

JUN 26 agdiAmnsTwmesnttlun1siuiauesssuunIuANLuY Pl laka Audvesssuy

=

a s & 6
AIUALNTELE 650 18R, B = 6, Vpeo ref = 400 1984, Vpatt hase = 360 12ad,
inutleatn L = 1 888193 aua1du 39a1u15091anuni1snimesanise nanaunis

doluil

e

L Vbatt base

Kni = . (43)
P! \/E‘ZTS VDC,ref
Te - K
== P (45)

i
Tni
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Vban
. . Pl Plant
IL,total,l’ef ILn,ref 1 \ D*, Voe | - 1 ILn
—> -1N Kpi| 1+—— PWM —
- This J sL,
ILn,sensed

JUN 26 syuuaiuAskuy Pl ALElusEUUAIUANNSERAIRRETDIABULIBSIABS NTEMANTILUY

ADINANIY

Bode Diagram
Gm =-InfdB (at 0 Hz), Pm =45.6 deg (at 650 Hz)
7 T T L s e e T T L e e

Magnitude (dB)
8 o 8B &

A
S

8

80 L . I | . |
120 T ——

System: Gol
Frequency (Hz): 650
Phase (deg): -134

Phase (deg)
g
T

) L fol 178 L OB PO 0 1

10’ 102 10° 10
Frequency (Hz)

JUN 27 n9MMHARBUANBININAIIUD (Bode Plot) ¥895¥UUAIUANNTEUARDULIBSIADS

nazlusTUUMUANLIIRUTB IRBUNBSADS NS ARSI UL AR ST sTLARafagUT 28
daulsznauvesamIsfimesilddmiunsAuinmiAnuaeg WWui g = 6, Cpe =
775 lulAsnsa, Vpe ret = 400 1284, Vpatt pase = 360 124 uag Bandwidth = 30 183%
AwdIFU U 29 uansusunmluiimden (Bode Plot) ¥9355UUAILANLIIRLTLFTUNS
oenuuy luaiud 30 1850 uazmsidenldAudndvinliiAnyumad 45 e Tuarwdd

IS

v ) P a a . I3 a | v
ABINTUWAZENTIVE BNV IANANBUANDNTIAINED (Magnitude) AwTY 0 TUa dawali
Wanauauadluan1zegii (Transient Response) kagn15VnauvesssUUiliadesna dmsu
ANUNITITABSH199 Y0358 vUaazulIlun131991 6 wazaunsamAImITTmesdmy

JEUUAIUANLIAUlARIaunNsAalUll
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C DC VDC ref

K., = :
- \/E 'Tf Vbatt,base

Ty = (\/ﬁ'a)cv )_l

Tnv = :HT f
K ov T
Ky =——

T
nv
PPV % PIoad
Pl
VDc,ref 1 I:)DC,ref Poc 4
Kpv 1+ﬁ » Current control ———»
= nv

VDc,sensed

Plant

$VpcCoc

Magnitude (dB)

ADINANIS

Bode Diagram

System: Gol
Frequency (Hz): 30

Magnitude (dB): 0

U1 29 nT1viNanaUaUeIN19ANA (Bode Plot) YB35 UUAIUALLIINIUABULIBSIADS

Phase margin :

ystem: Gol
Frequency (Hz): 30
Phase (deg): -135

450

W T |

Frequency (Hz)

a6

(46)



47

M13NN 8 AnUTasTEUUAIUANTLTluABLLIBS NSNS UARTILULARITIAVNI I ATA

duwasan

WI935 ANISTLRDS

ixUUﬂ?U@ﬁJﬂszLLaLaﬁﬂ (The Average Current Control)

ANNUYBIRIAITUANKUUANAIUYBITEUUAIUANNTEALRAY

s s Kp| 01021
UBIADUIDIINBS
ANNUTDINIATUANKUUBUTINTAVBITZUUAIUANNTELE
p o K 0.0085
\RAYYBIABULIBSLADS
LIANBUNINTATDITEUUAIUANNTELALRRY T 0.0006
FTUUATUANL TN (The Voltage Control)
ANAUYBIAIAIUANKUURAAIUYDITEUUAITUANLTINUYDY
o Kov 1.2120
ABULBILNDS
ANNUYBIRIAIUANKUUBUNNTAVDITLUUAIUANLIIAUTDS
5 K, 0.0047
ABULIBILABS
AIANASTIFINTBIANLDEAN T 0.0022
WINAGAATIAINA
) @ 188.50
GLRGIGILE 't
NANBUNNTAYBITEUUAIUANLIIAY T 0.0128

nv

3.1.2 S¥UUAIUANNISINNIUYBIABULIDSADINTEUAATILUUARSTIAN9FIEImATA

Sunasanildnaaaululusunsy MATLAB/Simulink

a

szuUmUANNITIILIeasUuuusiaedulusunsy MATLAB/Simulink Hu {34
MueenNLUUNTINUTeRaULBsnesnIzuansaLuUaesianalily 2 nsdimeiu loun
1) sEUUmMUANMTIILTBIRUeilneT Yurleuindunefinofhnuluannzideusse
fulaseingliih 2) ssuumuaunsiuresrsunedined vurileuiadunefine iy
Tuanngliidonsotulasseliii Tasia 2 nsdlilésunsoanuuuiuasunefinedfosd
arwansavieululnunnisgfonasfasifaldfsasdnun feiinsesnwuulugy

wuud1aes MATLAB/Simulink azilunisesnuuulugduuudtaesanisadaaans niludiu
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Yp3AUnDimoiuazaoulnsatans datuszuunsinauludiuiiaziaulussuunan
LuuseLlsane LﬁaLLammiﬁ’mmaﬁam%mmﬁqmLLazﬁmmmmzamﬁ’umiﬁﬂu
WAIUIINTTADULIBDILABINTELERSILU VAR AN 1R ewAiAdutnesanlusely lnanis
pONUUUIFUUAMIUANTKS 2 n3ddl Tiud 1) nadliflevindunesiwesanuluaniisdousodt
Tasstelliln (Grid-Connected) waz 2) nsdifileusndunesimosvhauluanyliiiouse

Aulasselui (Grid-Forming)

nsdnaesludiuil fiduleeniuugliuudiassainmsidlavssusdiwes Tools
Box v@3lUsunsy MATLAB/Simulink lunsiav Simscape Electrical lngfdudsgnaunan

léiwA PV array, Battery (Lithium-lon), IGBTs (Half-Bridge Converter), Unsaibuuniadm

'
[

(Passive Components), kagfiaisdayainaIuauaIngNinulussuuawuuseies

s

799UA TUN1591999ABULIBSABSH @IUVBIABULIDINITLANTILUUABINANIITLUAIDNE

1Y

WSIAUADIAU tOA 1) hSIPURTUE NTLTIFU 400 1286 2) LIIPULUALWBS 300 1as way

drulsenaudus asuansmmisdimesilunsazanigenge aewelull

Grid-Connected : Tuanieilavsaduiasmasivausaiulaseegluin n1sneasu

AUANNITONISHNIUTBIADUNIBS MBS NTLLANTILUUADINANIIAEmATAdULMasaN agly

Y

a | o ' [V o adaa a_ a 4 s
38UU@'}U@NV|LLUQ@@ﬂL1Ju 2 @3u VL@LLﬂ 1) ichUﬂTUﬂﬂJLL?Q@um@sﬁuasﬂaﬂaU5@@ulﬂailﬁ]@3

1wla way 2) SeUUAUANNTELALRAEYRIABULIBSINDS AI3UN 30 Inefin1snaaey

'
va o o a

AIUAINITONITVISILAEAATITAINITYILAINUANTEUELRAYTINVDIA WU T YI111971984

Y

L total,rey WiTAMIBTULINLAZAY WedINTINNIUTRIRBUNBneTluldazanus Lag

IL total, ref

NSBWA I, roral, rer VENUUIMBT MU ADIWIY AIATUANLUY Pl 9

$INITNIAIAIURANAIALAZITAAIAINURANAIAT 1AYAINUAAITDUNISHINIUVDIEING
nUuTIINIsuegaduLiiedin1svinuvetaindvesnouieiinesnszuanssludiudely

FINTYINNUVBITFUUAIUANNSEUAIzUARSlUTUR 31

TUsUN 32 KARINITYINUVBITEUUAIUANLTIAUYBIBULIDTNBS neNBuIesines

[ d

AIAIVANLTIAUNAT UL AINN 400 Taadiaue ninseauusaauliinnadainng

Wasuwdasluitesanmisiiiv-an veer1dsininluszuu luinagidu ssuundsnunlasening

ad o !

STUUANAUNAIULUALADS FUTLUaNATDIDUIBSINTALYINNTTALSIPURTUE LazuA
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L% a

Arufana NS suieuusauATag s antuardsrianufiananeilvinivey
wuy Pl adraindslnilignsesnun iedsnisiaulussuuauaunseuaninseld 19, 20]
dmsuamfwesilddmiusruumunuuaznimaseuluaneiagldimininesaou
nesneinsziansLuUansieaiinsnd 9 wagnninesvetleuindunofinesiiau

Tuan1iy Grid-Connected wanalum157199 10 AUAIRU

| L,total,ref

V
PCr oMl o ——— ¥ 112

|L2,sensed

VDC,sensed
The Voltage Control of ( The Average Current Control of Bidirectional Buck-Boost )
AC/DC Inverter

JUN 30 NINAABUTHUUAIUANYBIMNATAULUUADULIDSINDINSEULAR TSR TiANsiTlauIn

dunaswasinuluanzeusanulasatielnwia (Grid-Connected)

i L total,ref
—p -1/2

PWM Plant

ILn,sensed
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PDC,ref |

Grid Current

PWM
g control

—» AC/DC

DC Bus ’J

VDC,sensed

ad v

dl o U a a 3 3
EUVI 32 ﬂ’]iVI’]Q’]UiSUUﬂ’J‘UﬂlILLNﬂu%‘&i‘Uﬁ%@ﬂl@Ui@@um@imEﬁ 1 wla

A15197 9 ATNNSITLMNDSVDIABUIDSLHDSNITLANTIADINANIPEWATADUL DS AN A LaUS

duasmasynauluaniig Grid-Connected

ERHIERY deydinwal ANUBINITIALNDS
WSIRURATUE Vp 400 Taam
LIIAULUALADS Vipatt 300-330 1an
FrateIun L 1 adL813
AAUUsZUAT T Coe 775 lalasnnse
ANFAUUTZPULUALADS C, 195 lalasnism
ANUDAINTY e 20 AlaLdse
TRGRRGHRR P 3 Alaine
AANTTwalnT | 10 woud
ANNUYBIFAIAIVANKUY
dnahuvesszuumuAy K pi 0.1021
NSLLARAYVDINBULIDIHADS
ATNUVBIFIAIVANKUY
UNNTAVRITLUUAIUAY Kii 0.0085

LRAYNTLWAVDIABUNIDIADS
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A15197 10 ATNI510LMB5VDILEUSABULIBS MBS LaUSADULIBSIMBSYINauluaN1IE Grid-

Connected
LRI RY Heuanual ANYBINITIALNDS
ARLAUUsEUad PV Cpy 75 lulasunse
framteives PV Loy 2 JadLaus
ALY UAT U Cyc 585 lulasunse
fnlleiveduiesnes Lia 850 lulmstans
Awmilgaiiisiensa LA 400 Tulmstaus
AdafiuUszgsnunin o 2 lulpsnnsn
A a o a ¢ ¢ f a as
ANNREINTTIVRIBUNIDSABS sw.inv 20 Aladsn
ANUDAINTTIVDIYAADULIDS 1.
) fow, pv 20 Aladsn
o) ’
ANAUYBIAIAIUANKUURAEIY
YDITZUUAIUANNTTUANIAVDY K pii 0.8415
duedimes
ANNUYBIRIMIVANKUUBUANTE
YDITHUUAIUANNITERARREUDY Kiii 0.0294
duesnes
ANNUYBIRIMIUANKUUFREIY
VBITEUUAIUANIIAUTD K pvi 0.4040
duesnes
ANAUYBIRIAIVANKUUBUINTE
Kii 0.0005

YDITLUULSIAUDULIDSLHDS
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Grid-Forming : Tuan1aziilavindunesmesliidousetulaseiglnin szuu
NaFoUANLANTANTIUYEIRUReAe azUsnouluie 1) STUUMUALLSIFUIART
(ave3noUNDSADTNTTUANTILUUABITIAYY LAY 2) TTUUAIUANNTLLAIRRLTINYDIADY
neSimasnIzuanIILUUABITiAMNY LARIRAgUR 33 9nszuumuaNiildSuniseenuuly
Mz Grid-Forming M3muaNnsdnnisussiukazidalnihluszuvesdunihfivesneu

neswesidundn lundfaviinisivavesnssuanaunesinesasgnivuaaNszuuAIuAY
WS9AUlAUR TS WOUTIAURTUE Ve sonseq NONTALA  HT2AULTINURINTILITIAUATUAD19D4
1) Y Y
Vi rep Suiloaanniiidsluilivaelussuundsnnimdsnunaseniingdnglitulnan 1Ju
yaa o | Y a v O [ ¥ s sl a [ =~ o
A bRTUAgINI1A98 AatuayilvinsiavesneueSnasiianiuluuin Welluau
1 66 ¥ a a 6 1 1% s 6 o 1 [ dl o
-3 munsUszendldinataduneian dwalineuiesinesiinnuedlulvunyisa e

Y a & v & [ °
AUILUULARINNENUNAIIUATDY

TuBnmsyieunils Wewswiu Vpe sensed S38AULIITUANIWTINU V(o or LTI
PANAsULasendliamnsaanemdlviliiiisasnesonusesnisnisldivan dawa 1
s s a ) s 6 ¥ -] a 6 o 1
NIzUaUDIRBUIBTIMRsETIANINTUAY wazAauneswasfwululrunfaysrinIgIe
NITLADN WIBATUANLIIFUATUALAIN 400 13ad taue N15vaulusEuuAIUALLIIRLT

'
=

ATUAvDIMBULIBSIMRTITRANlUTUN 34 uagszuuAtuANNSERalRdeagauluaziinig
o = %3 U d' 1 [y} 1 -Qll ¥ 1 U U % r-:l' o %
Maumieududvanigienseiulasstiglninlanaiuidisdu degui 31 dmsy
ATNISITLABSUDIADULIDSLNDSNTELANSTILUUADINANINASLANITUMITIN 11 Wy

a L3 a a L3 e‘d‘ -] - e d’ o w
wsflwesvedlausndunesinesnvinauluaniig Grid-Forming Tum15799 12 suasu

VDC,ref IL,total,ref ILl,ref Gs1

112

V |L2,sensed
DC,sensed

The Voltage Control of ( The Average Current Control )
Bidirectional Buck-Boost

JUN 33 NMINAABUTEUUAIUANTIINATAULUUABULIDS MBS NTEIANSedasiFn 19 lausn

duneswosvhnuluanneiluladeunaiulasswglnidn (Grid-Forming)
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Plant

JUN 34 SEUUAIUALILTIRUYBIABULIBSINBINTHUANTILUUABITIANNS

A15197 11 ATNISITLMDIVDIABUIDSNDSNTLHANSIFRINANIIAEINATIADULM S AN N laUse

duneswosvhanuluang Grid-Forming

wW1578905 deydnual ANYBINIFIULNDS
WIIRUATUE Vp 400 1an
LSIAULURLHBI Vit 300-330 Lan
ANy L 1 Jadeus
AAUUIZUAT U Coe 775 lalasnnse
ANFAUUTZRPNULUALADT @ 195 lalasvse
AMUDNEINTV fow 20 AlaLdsm
AnAAaalndin =) 3 Alaind
Anmnszwa b | 10 waud
ANNUYBIFIAIVANKUY
dnauvasszuumuAy K i 0.1021
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WIS nDS Jeyanwal

ANYBINITIULNDS

ANAUVBIAIAIUANLUY
duiiniavesszuuAmIUAL Kii

LRAYNTEWAVDINBUNIDIADS

0.0085

ANNUVBIFIAIUANLUY
dndIUYBITTUUAIUAY Koy

LIIAUYDIADULIDSIADS

1.2120

ANNUVBIFIAIUANLUY
BUNNSAVDITLUULSIAY Ki,

NILLAVDIADUNIDILADS

0.0047

a ! a s a a 4 sa o . .
M3 12 Arwndinesveslauindunesinesnvinauluaniag Grid-Forimg

o/

WI3ADS Heyanwal

ANUBINISITLNDS

=]
ANRANUUTEUBS PV Cpyv

75 lulasvnse

ALNNEIUIUBe PV by 2 JaaLeus
ALY YR UAT U Cie 585 alasnse
FwtlenvpIdUnDses Lia 850 lulAstanus
Fnteunensa Ly 400 lalasteus
AdLiuUszgRun3a o 2 lulpsnsn
AMNDEINTVIVOIBUIDSINES fow inv 20 AlaLgsn
ANUDAINTTIVDIYAADULIDS ¢ .
sw, pv 20 Alaidsn
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3.1.3 SEUUAIUANNTININIUYDIADULIDSADINTEUANTIUUUADITIANI9GIBmATA
dumasanildnagauuu Hardware in the Loop (HiL Simulator)

Hardware in the Loop %38 HiL simulator {un1sdiassnsviaunuuisealnduay
& y1uaIuANITRINABUINTALA DS m%amiaﬁ’mzwmaauLaﬁaufﬁﬂ (OPAL-RT)
siuluga /0 uansdeguil 35 Inefl OPAL-RT danunsathluldlunisesnuuy waaou uas
FuAanYeINIadey SauTaifiulsrAnsnmuessruumuaLarestusuneiionnns

Anduainnisneaeudmsugunsaldidnnsalindings

¥ U

uon9nil RT-LAB Suifugosnursvdnuns OPAL-RT A48T E3ds Ldwaun
wuudaesimungaulilndidsaiuanuduaieuiniian Tng RT-LAB axfinisldausaudiu
laus3ufenlu MATLAB/Simulink deiuiu dufuasdiuldin msussandldnisdiassns
ynukvuisalngds HiL simulator vildsuadldnarnvatesiu lawn enudululives
153015 Jeeiudunsieainn1snaasy a1ui1snanssezinl lunsmAdeuLaEAuues

gunInineeg mesuansawsildlunisveaeule

Input hardware
(A/D, discrete serial)

Input software ‘\ Input of
controller

DSP C2000 Ti

Math model software

RT-LAB

HiL simulator

Output of
simulator

Output software

Hardware in the Loop simulator

Output hardware
(A/D, discrete serial)

g‘lh?i 35 Hardware in the Loop Simulator
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msdraedudnd Fifeldoonuuusluuuiaesnnisldlavsiundiees Tools
Box ¥@4lUsuNsu MATLAB/Simulink $3ufiuzasnuas RT-LAB vesszuudtaeakuuisualngd
Tnefldruusenounanlaun unasanenssny (DC Voltage Source), Wiada18nseud (DC
Current Source), gUnsaluuuniadv (Passive Components), kazgUnsalnsiadudayeyo
(Voltage and Current Sensors) Tumssassneuniefinesauil sunuuassesrounadn
STUANTILUUARITIANIIZgNVIAdRUNTaNTEUUAIUANTLATUNTOINLUY WaznTeBNLUY
n1snegevluszuuamuAukuusEalngd azuusgUnsallunisneaeu 2 diusieiu laun
1) NINAABUITLUUAIUANAIYNITINGBIANIIENITN ULV Grid-Connected g1
AN TReFINT197 9 Wag 2) MIMAABUIFUUAIUALAIENITINADIANENTINLLUY

Grid-Forming agldAmisnfinesnimisned 11

Iin‘
] i} N 4
Si D: S3 D; S RT.LAB
IL, total lbatt
vV +\ ==
pc \ _ —_
Coc + Opal-RT OP4510
S;— — =] Real-time
D, S, i—'é Viae  Hardware in the Loop
Cs .'|
ZOH ZOH ZOH -
[ e [
lLisensed li2,sensed I, total SSTRUMENTS
VDC’ref I total ref Iu!ref. D Gs1
g b v _—r .
- s1 -
iLl,sensed B £y
Larefs [P1 | Dy rhwm G 320F28379D DSP
Gy €2000 Ti
iLz,sensed
VDc,sensed
The Voltage Control of
( The Average Current Control )

JUN 36 szuuAIUANNITIsILaERat sl Hardware in the Loop (HIL)

Fansnaaeuludilvesnuidy JULUUTIaRIRRULIBSABINTELANTIHDITIAN 19
welladuinasan gninasdlu OPAL-RT OP4510 %38 HiL simulator w3aufugUkuUsEUY

AIVANNITYINNIUYBIABUNIBT DTN TEhanTILUUaRiA1amIesidlulasroulnsataes
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TMS320F2837d 32 U6 wandluguf 36 s8UUAIUANNIASUNTEDNLULLUILQNNAARUHIY
HIL simulator lag#g3Teazuusn1smageuaanuuy 2 N3l lauA 1) NMIMARBUTEUUAIUAY

AILN1TINRBIANILNITINULUY Grid-Connected Wag 2) NINAABUTEUUATUANAIENIT

s

I108IENILNTVINIULUY Grid-Forming N1598NkUUNTNAGRUNT TR UTEAANEYINNTS

NAFBUNITNNNUVDIADUNDS MBS UL TR IR UN oL lUW AL T YIRS AURUUNT 9N LIS

(%
o

nsalil 1 msihauluanisiwensedulasenglniinuideasldseuuniuay

al' a A ° i . v a & P
nszuadglussuuiln HauNIMVUARINTILE 1] o1 o WITAMATULINLAZAY LilD

'
[y v 1 a

wansan1uznN1svnululnuavIsatarfassa anuafu InenusesustvaaziduA1nang

400 TaadimensuraIaIsusenu Awsdeesnige Aldlunisnageuanneidazianslilu

ANS519% 13

AN5199 13 ATNISITLADSUDIADULIDTLADINSLLANTIADINANIAEWATAD UM B AN ANAdDU

JEUUAIUANAIENITINNBIAN1IENITVINUKUY Grid-Connected Uu HiL Simulator

W13Ln 03 deydnual ANUBINIITLNDS
LA LS IR UG U Vp 400 184
LA NULSIAULUALADS M 300 Tham
AUty L 1 fadLeu3
ARLAUUsEYA AT Or 775 lalasnise
ARILAUUSZNTULURLADS Cy 195 lallasvse
ANUDAINTU fo 20 AlaLdse
TRGRRGHRR P 3 Alaine
TRGRFEIGIN N | 10 woud
ANNUVBIFIAIUANLUUFRAIUYDITEUY
. o K pi 0.1021
AIUANNTTLARAEUDIADULIDSINDT
ANNUTDIFIAIVANKULBUTINSATBITTUY
Kii 0.0085

AIUANNTEUARGUYDIADULIDSLADS
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nsaln 2 Mvihnuluanneiliweuseiulasselnii fideasnaaeulagldszuy

Y

ATUANLIINUATUALAL TEUUAIUANNTELAIRR S YBIABULID LMD TN TLUAR TILUUABITIAN I

'
a Ya o W

lugunounIsnaaegIdeagyiinisiiaesuiimasiiwig/an lnenisldunasdnonseua
A g v v Adad v o a A A U AU A W o A Ll YA
ieliussiunagdainisiudsuwlas nannalows i UaliseAuLsuiganInaA1e198s
o v . N a < - [J [ 5 dl' o A
WYNWINTBUE i], 10101 rer TREMATUAY WRNTEZAUNEIUAMUALADT UATITBLIIAUT
Ao Y o o Ly A . N a < A4 o
ATUELISEAULTIRUAINTIIANE19BY NTBUE i 110/ o IETAAMIBTUVIN tiHDY U TULMNA
4 = [ Y o ! ! ° ! a s &
grsafievimiiluundsdiedrses uazarmnsdwesnldlunimaaesvaniiziiuandlily

AN 14

ANNTzLARAnTIY iL’mm,,ref%Qmmmmmiﬂisqﬂﬁﬁlsgﬁmv‘wﬁﬂ%umaéﬁwmsﬁu
1A%y 990ty HiL simulator aginisdadinszuaiignialdesnuruluga 1/0 My
pufeniondnn uazdsriluinoalnsaiass 91ntuszuuAUANILIINITIIAA1AN
Aawann (Error) vesnszuaiinaniufumieniluudaziva sefauauiuy Pl vinsuiu
59UAINITINNUTBITTUY (Duty cycle: D) Wiovinisuegianauninaiad PWM wazds

Ty raunaudnlugassuudnaesuuisealndinuluga 1/0 fdneaduns

ANSN 14 ATNISITLHDSUBIABUI DA NTLLANTIABINANIPIEWALAD LA ANANAFDU

SYUUAIUANAIENITINABIAN1IENITVINNIULUY Grid-Forming Ut HiL Simulator

. v o . ANUDY
wIsimes yanwal .
wW5imes
WEINENTE LA Ipc +7.5 woul
LAY IAULUALADS Vpatt 300 1aad
FUteIUN L 1 Jadeus
ALY YAURT U Coc 775 lalasnise
ARIAUUSTYPULURLADS C, 195 lallasvse
A a o a as
ANUDAINTY fow 20 AlaLdse
TRGRRGHRR P = 2.5 Alaine

ANANTzwa LN | 10 wauy
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ANAUVBIAIAIUANLUUFAEIUYBITEUY

. o Kiy 0.1021
AIVANNTEUAIRDYYDIABUNIDILABS
ANNUUBIFINIUANKUUBUNNTADITEUY

a P P K" 00085
AIUANIRALNTLUAYDIABULIDIIABS
ANAUTBIAIAIUANLUUFREIUYBITEUY
} o Kov 1.2120
AIUANLIIAUYDIABULIDSLADS
ANNUUBIFINIUANKUUBUNNTATBITEUY
Kiy 0.0047

AIUANLIIAUYDIADULIDELADS

3.1.4 53UUAIVANNTINNIUVDIABULIDSNBINTLUENTILUUABINANIIAIEIMALIA
dumasanldnaaaululsasiuuuu (Prototype)

JEUUAIUANTITIUNIINAADUINDTAULUUADULIDTADINTEUANTILUUABIN AN

A3duvinisnaasulagldszuuaivqunlasuniseenuuukasnagauniulusunsy
MATLAB/Simulink Wag Hardware in the Loop (HiL) @1u816U tiekansliiiuinnisg
2ONKUUNIABULBSABSLAZITUUAIUANAIULUUTIE0Y Tamdululyd wuizay uas

A1 UNUINAIUFABEDANISYINULARS

Grid-Connected : N1591191UHATTEUUAIUANYBIABULIDILADSNTLLAATILUY

a ¥ a a cal P a a s s o N ! LY
ADIVIANNAIUNAUADULADIAN ?JiU%VII@Ui@EJ‘LlL'JEJiLG]EJi 1 wlg vihaulugnzi@eunaiu

lassglii dmsumsmegeuauaasalunsIInuNsYIsILazAaysaU Tl {338

q

'
= = a

sgldsruumuaunszuandaiiissszuuifen Fadunisdenisvinaunuuila (Open loop)
Aaa o A

& o v A A ¢ & Y a o a
QSUUﬂqiﬂjUﬂmLLiﬂﬂLWl@l‘?jUﬁ LW@I‘WFNVW] 400 IQ@@L&N@QSLUUVTUWWM@ﬂGUE]Q‘l@cUiﬂ

dunedmes 1 wia Auanslugun 30 wagldrmmnsiwesiuiedtuiumsen 9 wag 10

Grid-Forming : d15un1syauvesneueiinesnssuanssuuassfianis fileuse
Sunesines 1 wa shenluannzildlignidensedulassingluin fideazyinsvaaey
ANNANLIAtUNITINUNITIITILaERaYSaUsElaeld seuuAIuAY 2 dusieriu lawn 1)
STUUMUALLTIFUTIRT A INABUETADS Uay 2) SUUAUANNTZLAIRAB YR AR NE
Filugudl 33 wagamniwesilflumvaaouisasiuuuvanngilfiueiutuansd

11 ey 12
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nMsauressEuUAUATtluanaeileuiaduneinesifoudeuarldifeuds
Tasagludin agdnisineumieuduiuszuunaaeuiiniulusunsuitass lnofid
Usgananadzinmsinamnsifiineseie lussuuauguussiulayssuuaIugunTzLaRay
Wemaeufanaiauazadacanufianaiaifefnuauuuy Pl aantusiauauazsh
nsimuanazfuseUmM T uessTUILazTIMINBgIEd A AUANNIYINNIUSH

JuLne (Gate Driver) Wiadin1svinauludsaing IGBTs

4+

MATLAB
SIMULINK®

OP4510 SIMULATOR

QPALRT

vianaco i e

JUN 37 MINRUTEUUAIUANTLINSHULUUADULID MBS NTHUAN TILUUADI AN 1S

3.1.5 S2UUAIUANYBIADULIBSIADTN ST uARTIMUURBiANTTIUTUTY Feed
Forward Control

lUNINAFBUIEUUATUALYDIABULIBSLABINTERANTILULADITIANISAIEnATla
duwesan fIdulasentuuszuunisnaasull 2 35 T 1) ssUUAIUANTEIABLIBIINBSN
szuansalallédusuld Feed Forward Control Lag 2) szuumuUALvesauieinesnsrua
n5aftlailgiu3uld Feed Forward Control @s5¥UUMUANKUY Feed Forward Humsfuial

Y

Y] | ' 1Y) a o v aa ¢ ' v a
gM91dIUIENI TN UVDIUUANDIAULSITURT UMD NREIWT D =V /Vpe gy

'
=

sruuasylin WeUsuseuaIn1syunlaaInssuumIUANNIELE NouNazsuLagIETY
dya1auiodINsTUIUMITINNUYRIEInTABULIDTMDST LneVivaaianina I T IHANTS

NAFDULNDUNUN KRR NS LN duAUNISHAUN TLaAIWUNT 3
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Feed Forward

Pl

I total ref i ref 1 D* +
n

— -UN —»T—H(pi [1+ PWM
- TniS
i

Ln,sensed

g‘d‘ﬁ 38 N15USUlY Feed Forward

3.1.6 s¥UUAIUANNITTINNUYaslauTnduasinas (Hybrid Inverter)

svuumuauuadlaviadunesnesnltlunuidsazdrdeainauideves P. P,
Tanakorn Kaewchum, Sakda Somkun [21] @afudunilsvasnisnaaeulunuided seuu
AuANgnIUeanidu 2 du liun 1) s5uuaIuANYeI9as Full Bridge DC-AC Inverter waw
2) S¥UUAIVANTBINAT DC-DC Boost Converter Tnafiszuuaauauauii 2 dauilagldemn

Uszuiana DSP (Digital Signal Processing) wszna C2000 493 Tl (Texas Instruments) )

a U
LEYINU
Boost Converter DC Bus Single Phase Inverter
LCL
—— v
IVP" -1 Filter “°°] @
Vref
PWM
Voe
| Rt -~ )b - - 1 |g
dP/dV > 0 .'
Control and PPL 1V,

MPPT
| (Maximum Power
Point Tracking)

DQ

Transformation

P
reference generator (Phase Lock Loop) :‘—
|
|
|
|
|
|
|
|

JUN 39 szuuauaunsinaureslauiaduiesines

'
[

142995 DC-DC Boost Converter fUszananaazdeinAussfuLaznszuanladn
wadnendsnunasoiindarunsondnldidmfsidestunisaivauveaszuy ilewn
ﬁﬂﬁﬁlﬂﬁ?Qﬂ?jmﬁmmmﬁﬂﬂ%’mulﬁ (Maximum Power Point Tracking : MPPT) #¢5zUU
nsAnaumddlnilngegadazl43% Incremental Conductance Method Tagagitins

Wlguisumnutunaswinduwsesulndveddaawad dP/dV yinnenisilSeuwiaul
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Alnarud dP/dV =0 yatiuszdugaifimdsiniiasgn (Maximum Power Point) wagiile
Al (Power Point) finsiwdguudas dP/dV <0 w3e dP/dV >0 syuufaniy
EAMUAAILTIAUD19BIATUTEUUAIVANLTIFY 3INUUAIAIUANLUY Pl 489 Boost
Converter 91U NITAAIAUEANAA (Error value) uogiadudeyeyrod PWM den1s

YIN9uYesEIngugasHDlY

dmFuszuUAIUANYBY Full Bridge DC-AC Inverter lUsgUUAIUANLIIAUFT
UszananaagyiimsinAussiu Ve Wssdiugasesin) inusvanaem ¢ 1neld3s Phase

1 a

Lock Loop tiavinnisigeusaiulasstielniy lussuuaiuauvedlauindunesmasosd

dld ya

wiftunisauAusunAIaTHIA1AN 400 Laue windiniswasuilasindslniig

v A o a Y a o

danalviuswupgdaiaingy/aninseAunsnufzvas s AInuALLUY Pl 9zviinisaing

nszualuunu DQ ievaelviksadulliszauluagnds uazluszuualuaunszlaves

dueswesazldid Unbalanced Synchronous Reference Frame [22]

AUl UILITTILYININTNAADUABUNIBDSABINTL AN TILUUADINAN1INEIL5O b
Nuswiulausadunesines 1 wals lnenisnaasvaziuady 3 d@undn Town
1) NANISNAFBUNITNI9IUVDIADULIBSLABINTTHANTILUUADINANIALNANADULA DS

ananguuuuInaasaelusunsy MATLAB/Simulink
® Jurilausnduaswasinuluanzdsumenulassinglwiln (Grid-Connected)

o Jazilauinduneimesvnnuluanngliwennsiulassiiluiy (Grid-Forming)
2) HANTSNAFDUNISNIIUYDIABULIDIABSNTZUANTINU VAR IAN A aTinduLne 5

anuu Hardware in the Loop (HiL Simulator)

| [y

e yagouszuumUANlagldunasTgusuNIaeiiy laun 1) undeiensany

Ly

LUALADT LAY 2) UAI18LSIPUATUE

® ypgauszuuMUAUlagldunaeInenssuanuRTUa

3) NANISNAFIUNITNINIUVDIINTTAULUUADULIDILADINTL AN TILUUADINANIIAIE
a a =)

WMALADULADIAN
o urilausndunaswasinnuluanzdsunenulassinglwiin (Grid-Connected)

o Jazilavinduneimesvnnuluanneliwensneiulassigluin (Grid-Forming)
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unAuitaueransRL9sAIUNBSMDSNSELANS LU U iAm s ImaTa
Sumesdndmivlouindunesneindinunaierinduaziunine’ Inedinguszasdiile
Taunasaeunoimesfiamnsaldsuiuleusaduesines (Hybrid Inverter) 1 wa wiou
Wannsavaulnuansesanasianssluanneilovinsunesmesiieudouasliiiousde

Aunslifn BnvisanunsauszyndldinaindumasaniioannisnssiiauyaINsEwaBUNALAL

'
a1 1

019 TidawareUszAnsamunisanvuingunsalingg agluvesnsunedinesls ddu
NANIINAFDUNTZUIUNINAUTINNIAINGT FIdelduanaanisnageusendu 3 diuseiu
TAun 1) Nan1INAADUNITNNNIUYDIADULIDIADI NI LARNTILUVADINIAN 9B ATABULADS
avlanguwuudaemelusingy MATLAB/Simulink 2) HAaNSNARBUNITINIUYDIABULIBS
MBINTEUANTILUVADINANIIA18INATADULADIANUY Hardware in the Loop (HiL
Simulator) WAz 3) NANISNAFDUNITNNIUTIIATAULUUABULIDSIADINTZUANTILUY
aesfianeiemaindumesan JawaniseenwuusazinaswaidunisnsaasuuarBudu

Anudululvesniidovaranulasaislunisnageauasa

4.1 HANISNAFIUNISNINIUVDIADULIDSLADINITLHEANTILUUADINANIIAINANADULNDS
ananguuuuIIaaeRelusunsy MATLAB/Simulink

dmsunanmaaeuaielusunsi MATLAB/Simulink §3delaeanuuuisasneulies
¢ a P A a fa A ° o

MDSNITWANTILUUABINANIA SN ATAD UM BSANAT N TVUIUNAT UL ILA 2 wid (2-
dll 1 Ly a a I3 I3 (Y a G4 d'
phases Interleaved) gnieusariulausnduiesines 1 wa ndanulaerinduaziunines
NMINABUFULUUINA89899935184 (Power State) ALIWYINNTNAFUAYSEUUABUINTA

v v v o= ' v Sy & I °
nlagnoanuuull Gananeaeuuwdslaidu 2 n3dl lawa 1) Asuiesinasnszuansaineuly
annzlausndunaswasidaunaiulasatielwin (Grid-Connected) 2) ABULIBSIABDINSLLE

nssviuluanzileuiadunesimesldweudenulassnglni (Grid-Forming)
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4.1.1 wan13531a89va93UuuUIIavIAdUIasinasnTEuanseineuluanizi
lausadutiosnasioaudanulansesvnelndi (Grid-Connected) A28lUswnsy
MATLAB/Simulink

Tuguil 42 wansuuudassreunesinesiivsznavlufesuiumarnmn 2 wla
Feaziuleinszualndsvesuunnes (g = Ipger) A9 InnasInveensewailuaniuga
wileavait 1 wavwlad 2 sauiu Vel mimuQmszLLaszJ'eNﬂaunaimaﬂumaﬂg‘jﬁ’aﬁ?u
sndudesrisdemanusumuluvnaiavesdumiend (R,) sazaanumieii (L) lu
wRazina Viﬁwa@iamimmmmmmméffgm‘n‘jmﬂ’] Tnenvuald R, = 0.05Q waz L; =
1 mH mud i Aeunesinesiliiunmsesnuuunienszuuaun hivnszuaamnsala
Ieesiiams dlofimmsvenszuadanduuin (Positive Direction) Aeuiiosimesazsiau
agluan1uey133 (Charging Mode) Tunenduiu maunesimesvinnuegluaniugiayise
(Discharging Mode) fiiaiilefirnsvesnszuaiidnfuay (Negative Direction) JUuuuIaDs
mandiamansueaszuulauialddmsulusunss MATLAB/Simulink waaslusud 41 waggy

° ¢ s a v A a s d'
LUUINADIABULIDILADINTZLENTILUUABINANIIAIEINAUADULABIAN ﬁ]gLLﬂ@IQSLUEIJVI 42

Photovoltaic

DC Bus
"""""" ﬂ PCC
+ Iphit ;
¢ - o1/ AC
: DC , —
A . H Hybrid Inverter
.7 DC .:'.’._..l?f‘ft..___é Single-Phase Load

.

.

.

Interleaved Bidirectional Buck-Boost H
DC/DC Converter H

JUN 40 lassaieveslauindunasiuannsweusdenulassieln
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a
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:

. _{ BYD HVMISE

b .M

Interleaved Bidirectional Buck-Boost

JUT 41 wuudnaesszuulauiandunesineiinnuluannsveuseiulasaielninly

TUswNSU MATLAB/Simulink

S1"Vo (1 )
CO— L
x
- t » H
.
Inductance1 i1
S17iL1
Rw [
Winding resistance1
1] z double
WM * )
Viri(t) ,
Whatt
1-u
e o )
S1°Vo1 e
X »+ T
> L .
2 x + Id
Inductance2 iL2
S517iL2
Viri(e)1
Winding resistance2

SUM
Y

TUsunsU MATLAB/Simulink

42 LUUINADINATABUNIDSHDINTLHANTIFDINANIIMIEIMATLAD WD SAN NI TU
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TumsmageuduusniiseinmmaaeussuumuauuesuuuSassszuulauiaiilon
MsiuYetAsueinednTrLanTILUUARsiANg TUsEnauldiiy 2 38 Tdun 1) ssuu
muANvaInuesineinszuansafililsuiuly Feed Forward Control wag 2) syuumuaA
yesaunDsinenszuansefilulsuiuly Feed Forward Control Tugufl 43 awifiuléin aan
Ms0RNLULTTUUMUALYBInDuLesneTlild Feed Forward Control iloAauamnIsiy
mMavauasunosines vildnszuaindvaiu (Overshoot) Tudiaisusiu Tnenszuadiains
RAusiedl i, Seusvanas -61 weut i, fiAUssana -61 wony uas i, dANUsEInmEs -122

(%
[ Y I

wond mud1du deliuidaldvinisudludymaienisusuld Feed Forward Control Tny

N15A1UINIAT Duty Ratio 83anti1 feguN 38 wagnava1nn15Usulyd Feed Forward
N 3 Yi 11 oa ] aa

Control lugu# 44 azwuladinAmuiuvenssualuldazing, NTsuaLUnmosA1anaY Way

Woeninnsliusuld Feed Forward anuanisvagevaiusadnanssuanaiulan ip; &

AUTEUNEL -9.75 wonU ip, AAUsEN -9.80 Woud Lag ij, AA1UTEUN -18.86 Woaud

MINEIAU Banrsandnselanaiumatdmairienulasndevesgunsalineg aeluasy

esMeT ANNUADANEEIMTUNIINAGOU BNV dINAlUAINTDIFUNINKUALNBSBNAIY

T ____| T T T
B : —— _vbatt-
1/
L | ! | / \I/ban :\ 323\/ | | | |
T ; T : T T T T T | iL1 |
0 : 1 /-—I— iL1-
20— ! | -
[ |
°r Y/ - Non-Using Feed Forward ]
o ‘ 1 Ve—u = 61A g | J
T : T ! T T T T T 1 Al
’ J I — 3y
. | | |
I "
- J | Vi = 61A . J | | 1
‘ T : 1 I \ 1 T 1 1 —
. : | —batt
w00 : ihatt 122 A
| L | | | | |

oo o015 0oz o.n2s 003 0.038 0.0 0.045 0.0

JUN 43 nan13dnaesnsinnuresnaulesinesnszuansanlilauiuld Feed Forward
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'~ Using Feed Forward :

0.01 0os 0.02 o025 0.03 0.085 004 0.045 oo

JUT 44 nan1391889N159NNUTBIABULIBTADINTERANTMEIINN1TUTULY Feed Forward

dmsunanisnagaululusunsy MATLAB/Simulink Tududald aauaiunsalunis
FUYBIABUIBSBI NTTLARSIERaTiAn I IsmATinBumesaN vaeTilausndunesines 1
wa Weusetulasstrglvid TnelussuuSumamasuaINNE ULETREuAZLUAADS &9
gﬂ‘ﬁ a1 Iuix‘uumUamsﬁmml%mﬁuﬁﬁ%ﬁ’a (V) SiAmsfifi 400 Taad tawe wazilu
wihindnveBunefineslunisdanisamunuuseiy ot HdgvinmegaUAIdEInaly
A15v5anazAa1$veIRa D Mol fuuAn S AsULUaINEULaTeTind Las

WaguuUasnusensvnsauarfarn sauUse glussuuinuna s uwsaze 1987

600 T I T I I I

_ DC Voltage Control of
Vpc = 468 V Single-Phase Hybrid Inverter

-l | | . Vg 332V | | ]
ol - lg=1asA i=s00a | Jo=25A —v,
; HHHHI"“‘““*““LH 1 A =
vmmm '.,mumuﬂ‘!‘ ‘v‘v‘o“v‘v‘v‘v‘v‘v‘ VT
ZE | f\f\!\f\fl\nnf\nflmnnr\l A ""”TMW
jgif-’--------vw wwwwuw%wwvvmxvvv\/vv\wvwIWW

] 1 | 1 1 1 | 1 1 =
0 01 0z 03 04 05 06 o7 08 09 1

JUT 45 nuniJUATULTIALLAYNTERATDIBUNIDTADT 1 d LATNANDUANBIVDITEUY

AIUANLIIRLTRTTE Tuan1izweuseniulassngluih
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400 T T T T T T
20017 Vevq
i Veyi = 309V |
°C | ! ! | 7
* T T T T -
L —ILpwa
]{ Ipvi= 4.15A ipvi= 3.16 A -
‘ | | L ! ! ! !
2000 T T T T T
1500 va1 = 1.3 kW

JUN 46 N3 usiu nTzwa wasiasinihvedaaneadynd 1 (PV1) luan1izweusiaiu
lasedngluli

400 — I T T T T T

w0 Vevi= 334V

Ipvg = 3.37A

JUN 47 nanusediu nszwa wasmaslnihvedeaneadynd 2 (PV2) luan1izweusaiu
lasedngluli
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wisf- [ [ T
% —
L Vbatt

Charging

T

205 Discharging
1

T T T \ T T T
. e S —— —iL2
o ip=5A = 5A
5

wl: I ! ! ! | ! A i|_2|= 6.56 A
i T T T T r T : T T T Sl
L | oo = 10A rry

1

” | | | | | ‘ A Ibatt|: 2.825 A

0 a1 0z 03 04 05 06 or 08 09

JUN 48 dnwarnisinuresmeuieneiiiihnssuansshematindunesan Tuany

Waumanulassuie i

'
1 ]

Tuguf 45-50 azuiulaan 39381 0.2-0.3 s : Wugraanfdariudeanisiniiu

v

WA wazdndsnudtediunlussuumendenukaseniindyan 1 (PV1) wazyai 2 (PV2

aundsuindalauseunm 2.9 Alaine dwaliussuadda (7,,) Jusewufininia 400

[y Ly

Tadlutvaenils sty Tuan1izidunesinesyianuausanulassnglwii wsesuingda

WYNATUANAILTTUUATUANKIIAUTDSLBUTABUIDIINGT 1 Wa AItuBuLIRsmBsaLYIINTg

o o

wareusnunfgvalasuvasiianlninssuaaduilunssuansadiodsiasividinluanwen
[ =3 [ [ s d' 1 & o v, a1
SEUUANAIUNG Y N1971191U909AUIBSNTTUFUN 48 Y303 lvinlil iy, dAUszana
10 wond waznszuanivanudwuilenun i, Wwindu i, daUszanu 5 weul muaisu lawil
famaduuin Asiuluginailaeunesinesnseuansuuvdssiiamisasyinueglulnug
%159 (Charging Mode) Midififiamaslnin 3.3 Alaind Felanassuainndiunaiefinduay

Tasare il

druluyieiung 0.8-1 Wevin1sidsuudasvidinisiiaysausegeananniunnegs

ARULIBRSMBsAzululnuAnIsAdaYIsSaRei1alliln 3.3 Alatee warsuAUNaIIUY

Y]

LA IMRETI5IUAUTEL 5.4 AlaTRs YN AYI9aNUULSIAUN AT UAAINT 400 Taafhutig

LY
Aaa o

Ve AIFUN 45 UasliloTeuUAIUANLIIAURTIIARULAI L TIRUTAT U AN INALSITUAT

Y a o LY

491989 vilvissuudesUamasusenludilasaielniiioniuauussiunagdaln

pd )}
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FAsdifl 400 Taadawe Fadunsvinureuedinesluud 48 awuandifiuin idefinisi
WEIUINLUIADS NTzudlnaendnLUAREIHIuABUNESIMOSII i, TAUszuna -10
wout waznszuadluadiudamieand i, wadu i, SA1Uszuia -5 way -5 woud
aud1dy Fadfiamaduau an1urn1sviureIneuesnesnITLARSILUUAD ANy
vihaweglulmuafauifa (Discharging Mode) fifidafdsluiinuszana 3.3 Alatnd wazas
uldin sruumuRuussiuvesBunedmesiduvudiay 20 Bsadilraisarugud 9z
daaliiAnusaiunszdion (Ripple Voltage) Hadu DC $ae annanadeufiniulusunsy

91899EUINIAAT Ady; 15 = 6.56 WU, Adjy, WU 2.83 waud

[
YY)

satuluanenlavsndunasimasitiaunanunsa wWailni1silasuwlaiveininy
ABINITNITATAUNAITUBAEAINNANNTAIUNITIIYNAIUVBINT I UEI NN TuLAaY
9291387 NATBINISNAFBUAINUANNNTO FUNITIIIUVDIADULIDSLADINTL AR TIdDINAN
aawmaliadumasan wanddviiudiszuunivauuazsliuuitaesiiiiuniseanwuyly
TUsWNSU MATLAB/Simulink a@1115091191u e M9 lnunn1ssnsawasianisa iaasaunadau
drwfunazdtendsnudrseddundaziinaild suunsnisuseyndldinaiinduinasan

| ~ a ¢ 9 ¢ d & A ~ YR

A101508RAINIINITENRNVRINTELABUNALAZI WAL 20 Wesidud Wasuiuansewa

nsziiaulunaLfen

= o a oA v ' 9 a <
15199 15 asumavihanuvessruuleuianideuseiulassielii wdsulaeing uas

wunme3 Negluusdazaiaa

NN
, WA WA
YL - . - . Interleaved Hybrid
Hei9aINng eI INg
4 4 Buck-Boost Inverter
yani 1 (PV1)  ¥anm 1 (PV1)
WM 02-03  ~13kW ¢  ~16KW - J  ~3kw
oL Charging
UM 05-08 ~1 kW v -~k ~1.1 KW
~3.3 kW
.. Discharging
UM 05-08 ~1 kW v  ~L1kw —_— v  ~54 kW

~3.3 kW
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4.1.2 #aN19918090093UUUUTIA09ABUIBS MBS NTERAR T TUEN 1R
lavindutrasinaslaidoudanulassieludn (Grid-Forming) AaelUsunsy
MATLAB/Simulink

Photovoltaic

PCC
DC |
= oc S 4

Hybrid Inverter
o - DCl.12...2 . ® Single-Phase

Interleaved Bidirectional Buck-Boost
DC/DC Converter

DC Bus

=

Load

e Connected to
X

—1

Photovoltaic System T

Interleaved Bidirectional Buck-Boost

JU7 50 wuudnaessyuulauianduiesmesvihauluanneliweuseiulasaigluiiily

TUswnsy MATLAB/Simulink
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Tunsd@dunesinesinnusgluannzlideudefulassinglnili nsmaaeu
ANLANNTIVDIABUNIDSMDINTELANTILUUADITIATN I8 TEUUAUANT LA UNTORNLUY
wldAmnnimesfimiloutuiumaiaudendetulaseinglui fnissi 13 wagldgu
LUUTI8039ADULIBSLABINTERANTILULABITIANIIMILINATIABUasANsIumALlnd U saN
Tuguil 42 dvauduniulusaainvesiamisniwazaraumidsnitluidazing
Anuali R,=0.05 Q uag L,=1 mH aud1au 1uamuﬂﬂﬁﬂiﬁpﬁ%’aﬁwﬂﬁmaauim&Ji‘%’
szuumuanluanungal Grid-Forming silvussfunaznszuailvaiuduvieniluusdas
W azgnArUANIINABULE SnednsTLansLUUaRsTian I duvdn dfunisvnaeulideas
ynsiiis-an Adsliihilsianuvasiiendsnunaseniing uagiiu-an anudenisnisld
Tnanluusaztasna wansiagudl 51-56 dmunanisinunsmiauaziaisavesney

RSNBSNITLANTILUUADIIANIBAlndwnasan suanslilugun 54 auddu

500

450 —

“”“r/\ L

300 —

Time to step
RL L oad

Tl nnnnnr\f\nnn nnnn,m....,...,.. e
A vvvkuuwwvww "

o 01 02 0.3 04 U.5 06 0_7 08 09 1

JUN 51 dnwarsUnauLTIiuLAzNIERAT0IdUIBsINeS 1 1na

Y

'
aAaa

LAZHANBUAUBIUBITEUUAIUALLIIAUNATUA Tuanizliweusaiulassielni
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AC Load Connected

-~
v

09

N84

v
v

SUT 52 n9INUIIGU NTEUE Ua Lilfhvesmdsnuuasensing 4ai 1 (PV1)

Tuanzldwausanulassanglnin

400

300

200

100 |~

AC Load Connected

0.48 kW

04 05 08 07 08

JUN 53 n3lusadu nssua wazmaslnihvemdsnuiasonfindyai 2 (PV2)

Tuanzldweusenulassinglnin
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\\TT'TT
<
=]
>
=
-

I -

‘ Steady State, ‘ i | |
wE \ Al1=287A ‘ Disturbance T | | .
L YA o Alu=3A _
L : 134 A 1.60 A ]
ﬁ -3.08A il
" I s J | | | | o
= A||_2: 2.87 A T T
A ~ Alp=3A =
t 1.40 A o l
-3.08 A ]
sl |
| | | | | | |
0 I T T I T T T
of- 2.86 A, AC Load Connected . gt
ol ] L8 A X o 3.40 A ]
oL Alpa= 226 A PN A= 233A 1
| 1 | | | |

0 01 02 03 a4 05 06 07 08 08 1

JUN 54 dnwarnsinnuresnsuieinesiiinsswanswemadadumesan luanigll

Wausaiulasaung i

PINHANITNAFOU TUFI912819 0.1-0.25 : WHNIULAIDIAEIN PV wag PV2
ATONAANAIIURABTIN Usyunm 3 Alatad uwalugdaananilufiniudesnisvesdvan
iszavtundanuIzgninluazaniuuanesuny Tugun 54 asdunadnvaen1sinues

s V1 A a o ! a v a
AU TMBSLAN Wedndsudmiiuluszuy nszualiihaglvadiduunmeiiioazay
N uAULY HEnansnaves iyqe, azlinnduuan wagannanaaounszualutieanga

A 1pgee HAUTZLNRL 9.24 Wonl Uag i, WINAY ip, HAUseam 4.62 woud

Tur9a78907% 0.2-15 : ANUAIUITOIUAITNAANS I UVDINS I ULAIDNARE TN
anadvaaUsEuNu 0.95 Alatnd waznuItrwaminisidivanduinaiiuiif 0.3-0.6 il
YunUszann 3.11 Aladed TuriranarduanddiiiuiinuaiuisalunisanengeIuyed

1 1 [} a & al A 1 1 o v Y ) [ 1 [} <
WaIINENSIULaAI1Rn gl iNenani1sanelnan BnlrdosiindsnuanLraInnLAu
) a ' o w | v P ° & I a A
WAIURUAN TN TINme Tugui 54 NM13YureeRLBINe S luYITIUNTIN

a aa I3 dl' o a I d‘
0.3-0.6 NAN19veINTELadztNANILTuaU Winkansan1uen1svinanululununfassa taed

NIYWE iy , 07 12 UATUTZUI -6.80 woul way -3.14 woud auadu
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Tumaderfutunismeaeuluaniunisalsneg deinisdeuselnan AC nnaila
dunefwed dwaliiAnd1nisnssifionilouseduidvauagszuuaunuuesneuiesines
MANIAIY NTULUUNNTIIABIAINTaTAAINNSEIouTeINTIailsRBuI fInD S NI LA
AssLuvaesfian1aiiinaindadedesunau (Disturbance) 1¢ TaafiA1nsewa Aipy,
AT 2.33 woul wag Ai; 1, HAUsTaIa 3.00 waud MmuaIRy Arn1snsLiienveq
nﬁzu,amnmﬁﬂizaqm;ﬂ%’mﬂﬁﬂéumaﬁ‘ﬁmuamwmﬁ Alpyy HA1USZUN 2.26 Woul wag

Ay > SAUszana 2.84 woud muadiu Jeausaanainsznisiienls 20 1Wesidus

aeduainnisnaasvlugaiunisalsneg vesgluuudiaeslulusunsy
MATLAB/Simulink lauf 1) #an15d1aeswesjuuuuitasinauiasnosnszwansiinauly
N a a s ¢ W ' . °
aneNlausndunaswasitausanulasengluili (Grid-Connected) kag 2) HaN1531894
° ¢ ¢ ° A a a ¢ v o1 oA D W
Yoa3UkuUIIARIARUNDSInaTnsTLanTiinuluanngnleuinduesines kieuneiy
Tasstnglniln (Grid-Forming) FaWan1snaadeuuaniliiuin9asAeuesinesn TELanSILUY
doafirn1angmalindunasan niouassuuaIuAuNlasUNITERNKUY @1unsavinauly
MUANISBISAATAAB1500 Dnveanunsasnltauiulausadunasines 1 wa wWieseesu

Asewazsuiaalnidilussuu

a o a a4 ! (Y [ a & a 1
#1319 16 ﬁ’a:ﬂﬂ’]i‘VIN’]u“lJEJflig‘UUlﬁUiﬂwL%@M@@ﬂ‘UWﬁN’mLLﬁQ@’m@E’JLL@%LLU@L@@?W@%IU

uwiiagdaIan kavvinnuegluanneilauiadunesineshiweuseiulaseiigluih

N1991197U
, WA WY AC Load Side
YIILIA - . - . Interleaved
LENINAY LENINAY Hybrid
4 4 Buck-Boost
gon 1 (PV1) e 1 (PV1) Inverter
W 0.1 - Charging
v ~150kw ¢ ~150kw (f —m -
0.2 ~3 kW
Discharging 14.14 A

WMN03-7 ~04TKW ~0.48 kW

v
~2.24 KW 3.11 kW
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4.2 HANTISNAHDUNITNI9IUYDIABULIDSIABSNTZLAATIULUUADIAANIIR28IA -
fnduwmasanuu Hardware in the Loop (HiL Simulation)

Tuwansmaaeuuu HIL Simulator aztfunisedutenanisnaaeuiinisesniduy 2
n3al lawA 1) NaNINAFUITUUAIUANMIENITINABIANIILNISVNULUY Grid-Connected
LAY 2) NANITNAABUTEUUAIUANAILNITINEBIAN1IENI1TVNIURUY Grid-Forming
puddu Tnegunsalilédmiunismaaeuuu HIL Simulator Usznaulusng woswuas RT-
LAB, DSP C2000 T (TMS320F2837d) 32 9%, OP4510 waz w3asfietady ol
(Oscilloscope) @MTUAINISITABTHIN VBIFURUUTIADIABULIBSLADTNTLUARNTILUY

a097AN199£1EAINISINNDTBURLINUAITINN 9 WAL A15199 11

Buffer

S—

Model of Interleaved
Bidirectional
Buck-Boost

o ——

gﬂ‘ﬁ 55 sguunAd@auUU HIL Simulator

nan1snadaulunsain 1 : wamimaauszwmmuﬁaamsﬁﬂaaqamazmﬁﬁwm

WUU Grid-Connected gUaAINANITADUAUBIUBITLUUAIUANNTEULALRREY WIDUTIIAINTT

&

NTLLNDUUDINTLLALULA AL ALATANNSLLERAYTIULDIANG SULUUIIADIABULIBTADTN

9 Y

Tasuniseantuuluwasnuis RT-LAB azUsznaulusie @3nd IGBTs 31UIUNIum 4 61 ¢

AUUTZATIAUATUALaZA1ULUML DS fandentlunsazia wradd wnsasunadda 400

q

1780 WALLMAIINULSIAULUALNBS 300 1Ian
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R=00502 L=1e3H

E

r
Rwl Li1

Wp Lou, 4014

R=0050Q L=1e3H

(R 1o, k01,4011

i
Rw2 2

oz .{Kzg\gm

s
T2 o ] £ vin (‘) Vbatt
am3
wan o+ ) vbus
o L’\z&wam o]

JUT 56 JULUUIaRIRR UMD INSTuARSILUAR AV IRemATindumesaviiioanuuy

U1 RT-LAB 79189901591 9uludning Grid-Connected

N

[y

WevinsvadeulasMvuaA NI LARAITINEND 1], o7/ rer WHTANILTLUIN

e

WALAU LNDLAAINITINIIUYDIABULIDTHADSNVINNULULAUANISVNSILBLAFVITINUAIAU T
NANTNAGDU WWIREITEMNUARY iy, 1ora1 rer WU 10 emd nszuailnaniuiimilediilu
U y £l
] N . = G o s 3 o
AR i ; WA i, SUANUTTUIU 5 hoaut EULLUUﬁnaamaunaimaiﬂ%mmuiuiwm
nsy1sandindamiaelni 3 Alated wansdagun 57 n) ludnnianils Wemmvualvinszua
. W G o § v d' i o = ° i . . a
i1, total,rey WA -10 wou aziilinszuanivanudnnienilulnazia i;; wag i, i

Aseann -5 woud ieuansinailulvunfayisa fsgun 57 2)

1

LazIINFUN 57 GeuandliiininanouaueIuasnISUAsLLUAINTEUIUNITVDS

'
=

sEuUMUANNIsLawasivineuluan1g Grid-Connected nanauauoiNvuzandnsy
seuUAIUANNElUmMEaT 1 Tadwa NalinisussgndmalindumesaniniiingUssasdane
N1INTLNBUVBINTLUADUNALALIDWNA NANITNAABUITUAAIAIFUN 58 LilaTnANTLa
I3 & . . ¢ P ~ .
NBUIRDALIANATDY HIL Simulator Tulnunanisvisaaglarinisnssiienvesnssua Aiy,
waz Aiy, daUssuna 3.76 wond Watadusiuesnuiwailaainssia Aiy,, JA1Uszuw
2.80 wauU dnTUINUANIIAAYITIVOINDULIDTADINTUANTILUUADINANILTAAINS

nszienvesnseualansil A, uag Ai,, daUszunu 3.84 weud Welndssiueenuiiails

Anseua Aiy,,, da1Uszanu 3.00 weutd auaIny
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[

SnnilsnadndiiAnannisuiuainuresszuunuauLUy Pl AiRanataluszuy
muAunsEudRdY avdunaldansuil 57 Sufsruumuauaninsovilinszuadngansnsds
16l usasdanaldinszuailvadindunieni i, uag iy, Aanarmjaiu wie Overshoot
fisnaitu GspuuanssuazamnueaiaiadeuiiiAatud oradeduldanedimieilug
LUUT1ABIARULBSINBTUL HIL Simulator #50LARINNTTUTUIUANUVBITLUUAIUANKUY
Pl nszualuudaziadilivindy dafufitersdniunsudlovendudoauonuylunis

USuugsludiuvesguinuuinassuu HiL 1iluuni 5

1eak pvts 20MSass \ == ] . . Stop
i — '\ L1 (5 ASdiv)— e
______ : A
W . —
—1lms—» 2 (5A/div)
...... :(05ms/d|v)E
------ thOt_aI (10 Ard IV) @@ 3.79646Hz

n) miuJ%"sJuLquL%’wqjiummwﬁﬂ (Step Charging)

180k pts  2BMSass | E= ] | Stop

(05ms/divy lLa (-5 A/div)
d . ; IK . . . . .

ELBIRTERRRRY
If

I
]

BLEYFYS
' i
' . v
[]

AL AL AALAT : : oSl : - :

THTVTRTTR IR ; ' %4

WWTA; : : - I total .\~ U d|V) S
| e - |

1.61292kHz

) MaUasunlaudrdlrunn1sfauisa (Step Discharging)

SUN 57 NaRBUANBINTYINNUTEUUMIUANNTELAYEITULUUINA0IABULIBS DTN TEUANSY

LUUADINANI9UY HiL Simulator
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! ! ! v ! !

Ang— 3 76 A)

CHARGING MODE |

S (_5 A/dIV)CAlLtotal— 2. 80 A) - éa'aaaimg
) WMuANI5Y159
lﬂﬂlf pts 2|5BMSa/S . I_—V_I . Stop

____é____é..(SA/dlv)( Aluota|—30 A ) ______

: [. 20 GB0dKHz

) uAN1SAavNS

JUT 58 Ansensziitonvenseualuldazivla Laznszuanie sy
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nan1masauluNIaN 2 : HANINARDUTLUUAIUANMENITINABIAN1IZNTVIN

(% LY s A

LU Grid-Forming Q¢ iandHan1snauausduedssuUmuANLIsiuRfdtaresneunesines 7
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Implementation of an Off-grid Single-phase Hybrid PV — HV battery
inverter with Interleaved Bidirectional DC-DC Converter for Power
Balancing Control in an Isolated Electrical System

Chayakarn S iw, Piyadanai Pachanapan’, Tanakorn Kaewchum and Sakda Somkun

Abstract— Tvo challenges for operating an isolated electricity system, such as an island or a are 1)

the satisfied system frequency and voltage when the energy sources and load are rapidly changed and 2) handling the
increasing harmonic distortion level from non-linear loads. This paper presents an off-grid single-phase hybrid photovoltaic
(PV) and high-voltage (HV) battery inverter which can perform the fast power balancing mechanism under linear and non-
linear load conditions. This hybrid inverter consists of a DC-AC inverter, a PV-side boost DC-DC converter, and a battery-
side bidirectional DC-DC converter. The power balance is controlled by changing and discharging the HV battery using an
interleaved bidirectional DC-DC converter. In addition, the two-stage interleaved topology also benefits in reducing DC bus
voltage and battery current ripples and increasing power conversion efficiency. Furthermore, the LCL filter is installed to
reduce harmonic components from the DC-AC inverter outputs. Finally, the control performance of the hybrid inverter
prototype is investigated in various off-grid operation scenarios. The experimental results showed that the proposed hybrid
inverter could maintain power balancing between PV, battery, and load while effectively handling changes in PV power and
load demand under low and high harmonic distortion levels.

Keywords— High voltage battery, hybrid inverter, hybrid PWM, interleaved DC-DC converter, off-grid operation.

1. INTRODUCTION

Hybrid photovoltaic (PV)-battery systems are becoming
popular renewable-based energy sources for residential
loads in many remote areas, such as villages, islands and
hilly areas, where access to utility power is difficult [1].
As solar panel and battery costs have decreased, the
hybrid PV-battery solution has sparked global interest in
replacing the use of traditional diesel generator for
isolated electricity systems [2]. With the assistance of
battery energy storage (BES), the hybrid PV-battery
system can improve energy management capabilities and
provide continuous power supply during the off-grid
operation. Furthermore, the BES also supports a power
balancing mechanism among PV system and local loads,
as well as reducing the power fluctuation caused by
PV generation uncertainly [3], [4]. Hence, the system
frequency and voltage in an isolated system are improved

For small-scale isolated systems with capacities less
than 5 kW, a single-phase hybrid PV — battery system is

PV Panels Isolated Electrical System
» »
il L
3 u i
¢ mmmmm Domestic loads
Off-grid Hybrid

HV - Battery ~ Inverter

Fig. 1. Diagram of a DC-coupled hybrid PV-battery system.
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regularly used for economic reasons. Both PV and BES
can be integrated with the load via the DC-coupled hybrid
inverter, as shown in Fig. 1, which is simple and cost-
effective. Besides, the hybrid inverter performs similar
functions to an off-grid solar inverter but also includes an
integrated battery controller inside a common unit. With
the various battery technologies available today, hybrid
inverters are classified by battery voltage level divided
into low-voltage (LV) and high-voltage (HV) batteries.
Additionally, the LV batteries basically operate at 48 V,
while the HV batteries operate in the range of 200-500 V
(400 V nominal) [5].

The traditional LV batteries, such as lead acid, were
widely used as energy storage systems in the past due to
their ease of installation and low cost. However, their
weight and size are major drawbacks, necessitating a large
installation space [6]. The use of LV batteries in high
power applications is also limited due to their large
battery current and notable loss in the voltage conversion
process. Alternatively, the new generation HV batteries,
such as lithium-ion, are becoming a preferred energy
storage solution due to their smaller size and weight,
which can store more energy and provide faster charging
and discharging rates than the lower one. Furthermore, as
the PV armray typically operates at 300-600 V which is
very similar to the battery voltage, temperature and cable
losses of hybrid inverter is reduced, increasing the power
conversion efficiency [7].

The off-grid hybrid inverter with DC coupling can
convert DC power from either PV or BES to AC power
via the voltage-controlled voltage source inverter (VSI).
The magnitude and frequency of AC output voltage can
be accomplished using pulse width modulation (PWM)
control. Unipolar PWM and Bipolar PWM are two
modulation techniques commonly used for open-loop
voltage control of power inverters [8]. On the other hand,
the hybrid PWM technique is introduced to minimize the
leakage current caused by parasitic capacitance of PV
panels [9]. This undesirable leakage current should be

1
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Fig. 2. The proposed single-phase hybrid inverter implemented in this work.

mitigated to ensure safety and electromagnetic
compatibility. In addition, an LCL filter, which has
smaller filter volume and a better switching ripple
reduction characteristic comparing to the simplest L filter,
is installed to eliminate high frequency signals from the
switching process [10], [11].

At the DC side, to control the charging and discharging
power of HV battery system, the bidirectional DC-DC
converter is employed. There are several topologies of
non-isolated DC-DC converter reviewed in [12], [13]. It
was found that the most promising bidirectional DC-DC
converter in terms of high efficiency, current ripple
cancellation, better cooling performance and high-power
density is an interleaved topology. The lower current
ripple requires the smaller size of filter capacitance when
compared to the conventional topology, resulting in a
faster control response. Also, the two-phase half-bridge
interleaved topology is the most common choice for
exchanging power between energy storage and DC bus
[14], [15]. In addition, the interleaved bidirectional DC-
DC converter is also widely applied for HV battery in
electric vehicle applications [16].

In a case of residential-scale PV systems (3-5 kW), a
higher voltage (300 - 600 V) boost DC-DC converter with
maximum power point tracking (MPPT) algorithm is
commonly used to extract the maximum power from the
solar panels. Several boost DC-DC converter topologies
for PV systems were review in [17], [18]. Additionally,
the popular MPPT techniques such as perturbation and
observation and incremental conductance methods [19]
can be applied to operate fixed PV panels at the maximum
power point under various solar imradiance conditions.
Moreover, the power limiting control may be included to
curtail the active power generated by PV system in order
to improve system stability and voltage regulation [20].

Contribution: This paper implements the hardware
prototype of an off-grid single-phase DC-coupled hybrid
PV - HV battery inverter that can provide a fast power
balancing mechanism in an isolated electrical system
under highly non-linear load conditions. Furthermore, the
HYV battery controller, which is based on an interleaved
bidirectional DC-DC converter, plays a crucial part in the
power balancing process by absorbing excess power from
the PV system or injecting it into the load. The DC-AC
inverter with an LCL filter and an open-loop voltage

control based on hybrid PWM are used to generate an AC
voltage output with lower harmonic components and
leakage current from parasitic capacitance. Finally, the
control performance of the proposed hybrid PV — HV
battery inverter is investigated in various scenarios,
including sudden load change, ramp-up, and ramp-down
PV generation.

2. OFF-GRID SINGLE-PHASE HYBRID
INVERTER

The DC-coupled hybrid inverter implemented in this work
is depicted in Fig. 2 as two DC-DC converters connects to
the full-bridge DC-AC inverter via the DC link. The
conventional boost DC-DC converter with MPPT
algorithm is used to capture the highest yield from the PV
arrays, whereas the interleaved bidirectional DC-DC
converter is connected to an HV battery for energy
storage control. Moreover, the LCL filter is chosen to
mitigate the harmonic distortions from the high-frequency
switching process.

During daylight hours, the dc-coupled hybrid system
can continuously send power to the loads from either PV
array or BES. If the PV power exceeds the load demand,
the surplus power is then used to charge the battery. In
contrast, the battery steps in to provide the additional
power to the load when the PV power is insufficient.
When the battery runs out, the DC-AC inverter shuts
down, leaving the connected loads unsupplied and
resulting in an interruption. Then, the power from PV
system is sent directly to BES allowing the battery voltage
to rise. Once fully charged, the DC-AC inverter can turn
back on and supply power to the local loads again.

Full-bridge DC-AC inverter

The single-phase VSI with an H-bridge structure is
usually used to convert DC power to AC power, as shown
in Fig. 3 (a). This type of inverter consists of four
switches which mostly made of insulated-gate bipolar
transistors (IGBTs). The PWM technique is commonly
used to control the magnitude and frequency of AC output
voltage. In addition, the high switching frequency (kHz
range) and the passive filter, L or LCL, can make the
waveform of output voltage nearly sinusoidal. In the case
of a stand-alone system without other grid-forming energy
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Fig. 3. Full-bridge DC-AC inverter with hybrid PWM control strategy.

sources, the open-loop voltage control, which is simple
and robust, could be effective enough to allow the full-
bridge DC-AC inverter to supply the power at the
domestic level (< 5 kW).

When PV panels are installed, they always exhibit
capacitance between PV panels and the ground towards
their environment, known as “parasitic” capacitance, Cpy.
If the inverter is a non-isolated type, the leakage current
or common-mode current, icy, is introduced which can
become a shock hazard. This leakage current may trip the
residual-current device, causing the inverter to disconnect
from the load temporarily. For a 5-kW system, the value
of Cpy is 330-500 nF in the case of monocrystalline and
polycrystalline modules [21].

To mitigate the icy, the hybrid PWM is selected instead
of conventional bipolar and unipolar PWM methods.
Fig. 3 (b) and (c) shows the hybrid PWM strategy and
output waveforms of the DC-AC inverter. It was
discovered that the switching frequency of the hybrid
PWM is roughly half that of the unipolar PWM, making
the switching loss is decreased. Also, the unfiltered output
voltage, v is similar to that of unipolar PWM method,
whereas the common mode voltage, vpz, is improved,
resulting in less leakage cumrent. However, the output
current ripple produced by the hybrid PMW method is
greater than that created by the unipolar PWM method. As
aresult, the larger size of filter is required.

Dgr,

=Car

i VPvg i D S;
H > O—{ 7 }-~{rw]
Ve Iiu

Fig. 4. The control structure of boost DC-DC converter.

MPPT boost DC-DC converter

The PV-side DC-DC converter operates in the boost
mode aiming to extract the power from solar irradiance as
much as possible. The PWM controlled boost DC-DC
converter with the MPPT algorithm is shown in Fig. 4. As
in the steady state condition, the inductance current, iz37is
equal the PV output current, ipy. Therefore, the maximum
power point is tracked by measuring PV output voltage,
vey, and izzr. The MPPT algorithm determines the
reference voltage and current, vpyyy and irswr that can
extract the highest power. The vey and izsr are regulated
using PI controllers, resulting in a change in duty ratio, D,
of PMW signal.

The MPPT controller is only activated when the vepwris
less than the reference DC bus voltage, vpcrer: If the verrer
exceeds the vpcres the IGBT switch is turned off and the
ipy flows directly to the DC-AC inverter, via the bypass
diode, Dpzp. In a case of a two-string PV system, two
identical boost DC-DC converters with independent
MPPT controllers are employed.

Interleaved bidirectional DC-DC converter

The bidirectional DC-DC converter based on the two-
phase interleaved topology is employed for allowing the
HV battery to charge and discharge power. From Fig. 2,
the two-phase interleaved DC-DC converter consists of
four switches made of IGBTs, and filter capacitor, Cs.
Inductors Lz and Lp; are used to store and release the
energy during the switching operation. If PV power
exceeds the load demand, the energy from PV armrays can
be used to charge the HV battery through this DC-DC
converter which works in the buck mode. Whereas, it
works in the boost mode for discharging power from the
HYV battery to the load if the PV power is relatively low.
The switching signals are d using PWM method.

In charging mode, switches S; and S; are controlled
while switches S> and S; are turned off. The flow of
currents in the charging mode operation is shown in Fig. 5
(a). Due to the battery voltage is closely to the DC bus
voltage, the switching operation is carried out with duty
ratio, D, set in the range of 0.5 < D <1.0 and working in
the continuous conduction mode. The switching signals

3

102



(a) Charging mode
Fig. 5. Charging mode and discharging mode of interleaved bidirectional DC-DC converter.
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Fig. 6. The current waveforms of the interleaved bidirectional DC-DC converter.

for S; and S; are identical but shifted by 180° in a two-
phase interleaved design. The battery current, iz., which
is the sum of the two inductor currents Irz; and I3 is
shown in Fig. 6 (a). It can be seen that the two-phase
interleaved topology can lower the battery current ripple.
In discharging mode, on the other hand, the switching
signals are sent to trigger switches S> and S¢, whereas
switches S; and S; are not activated. The duty ratio of
switching signals is between 0 < D < 0.5. The flow of
currents in the discharging mode, as well as the current
waveforms are presented in Fig. 5 (b) and Fig 6 (b),
respectively. It is found that the flow of izu is in the
opposite direction when compared to the charging mode.
The control of interleaved bidirectional DC-DC
converter for off-grid operation is shown in Fig. 7. The
closed-loop control structure is divided into two systems:
The DC voltage controller, which is the outer control
loop, cascades with the inner control loop which is the
average inductor cumrent controller. The voltage loop
regulator compares the reference voltage, vpos with the
vpe, the voltage error is eliminated by the PI controller

iL*B«’ il Sy
ig

Fig. 7. The control block diagram of the interleaved bidirectional

DC-DC converter for off-grid operation.

Fig. 8. The control block diagram of the single-phase VSI with

the LCL filter.

and generated the reference battery current value, i*ga,
for the current control loop.

After 1*z is sent to the current control loop, it is split
in half into parallel circuits (i*z:/2). These divided
currents i *.z; and i*73; are the reference inductor currents
in parallel circuits, regulating 7731 and izz:. PI controllers
are used to eliminating the current errors. The output of
the current control loop is the duty ratio of PWM signals
sent to control switches S; and S; or switches S> and Sy.

LCL filter

The LCL filter is employed in order reduce the
switching ripple of output current, which is a
disadvantage of using hybrid PWM. Compared to the L
filter, the LCL filter requires lower reactive power and has
better harmonic attenuation. From Fig. 2, the LCL filter
consists of converter side inductor, L1, filter capacity, Cf
and grid-side inductor, L,. The state equations at the LCL
filter are given by

Lvdird—ft)="u(')"'d(1) &
Cfﬁr‘;,(ﬁ:f,(t)_i:(t) =
qui:Tmﬁw(t)—\; () 2

From (1) to (3), the control block diagram of the single-
phase VSI with the LCL filter can be drawn as Fig. 8.
Moreover, the current ripple attenuation, 4, is derive by

L(s) _ 1

3 @
vy(s) s'LLc, +s(L+1L)
i(s) S’L,C,+1 ®)

vu(s)= SLLC,+s(L+L,)
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(a) Hardware prototype

(b) Experimental setup

Fig. 9. Hardware prototype and experimental setup.
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From (4) to (6), it is found that the LCL filter can

provide the ripple attenuation of -60 dB/decade while the
L filter has the attenuation of only -20 dB/decade [11]. To
avoid the resonance problem, which can cause the system
to become unstable, the LCL filter parameters are selected
using the step-by-step design method described in [10],
[11]. The L, is considered from the ripple factor of the
switching frequency component to the rated current. The
Cr is limited by the reactive power absorption. The L> is
determined by considering the attenuation ratio.

VBart

(b) Voltage loop controller

Fig. 10. Current and voltage loop controllers of interleave
bidirectional DC-DC converter

Fig. 11. Bode diagram of interleave bidirectional DC-DC
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3. EXPERIMENTAL SETUP AND CASE STUDY

The hardware prototype of the off-grid single-phase
hybrid inverter is implemented, as illustrated in Fig. 9.
Table 1, summarizes the key data of the proposed hybrid
inverter. Table 2, displays the designed parameters of a
5-kW full-bridge DC-AC inverter with an MPPT boost
DC-DC converter and an LCL filter, as well as a 3-kW
interleaved bidirectional DC-DC converter for use with a
300 V battery. Two real-time control units are developed
on TMS320F28379D 32-bit microcontrollers which one
for controlling DC-AC inverter and boost DC-DC
converter, and the other for controlling the interleaved
bidirectional DC-DC converter.

The PI controllers for voltage and current controllers of
interleaved bidirectional DC-DC converter are considered
by using an extended symmetrical optimization method,
as proposed in [22],[23]. This method recommends that,
to have an acceptable overshoot, the PI controller should
have the phase margin in the range of 30° - 65° to assure
the stability of the control system. From closed loop
control diagrams in Fig. 10, the parameters of PI

Table 1. Off-grid Hybrid Inverter Technical Data

Parameters Value

Nominal AC voltage 220 Vac
Nominal AC frequency 50 Hz
Max. AC curent (rms) 23A
Max. AC power 5kW
Nomunal DC link, voc 400 Vde
PV input voltage, ver 130-600 Vde
Battery voltage, Vbarr 300 Vde
PWM techniqy Hybrid
Switching frequency for

- Full-range DC-AC inverter 20kHz

- Boost DC-DC converter 20 kHz

- Bidirectional DC-DC converter | 20 kHz
Table 2. Parameters of Hybrid Inverter’s Power Stages

Parameters Value
Boost ind Lsr 2mH
Boost filter capacitor, Car 75 uF
Inverter side ind 74} 0.8 mH
Grid side inductor, L> 04 mH
DC bus capacitor, Coc 1,200 uF
Bidirectional inductor, Lz; and L3> | 1 mH
Bidirectional filter capacitor, C8ar | 195 uF
IGBTs 650V, 80 A
Diodes 600V, 60 A
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Table 3. Parameters of Close-loop Controllers

); Value

Proportional gain of current loop, Ki 10.2667
Integral time of current loop, 7 0.65 ms
Proportional gain of voltage loop, Kv 0.7685
Integral time of voltage loop, Ty 5.1ms

PWM delay time. T 40 us
Current loop equivalent delay time, 7o | 0.85 ms
Sensor & filter delay time, T 0.2 ms

Table 4. List of Experimental Test

Time Detail
0-20's PV=0kW, Load=1kW
20-35s PV rampsupto 3kW, Load=1kW
35-65s PV =3kW, Load stepsupto 2kW
65-80 s PV ramps down to 0 kW, Load =2 kW
80-100 s PV=0kW, Load=2kW

controllers are designed based on switching frequency of
20 kHz and the bandwidth is 30 Hz. Table 3, shows the
parameters used in voltage and cumrent control loops.
Fig. 11 depicts the Bode diagram of the interleaved
bidirectional DC-DC converter control system. It is
discovered that the phase margin is 45° which can achieve
the recommended value. Furthermore, the time domain
responses are further demonstrated in Section 4.

The test system is similar to Fig. 1 which consist of
single-phase hybrid PV-battery system comnects with AC
linear and non-linear loads via the line impedance of
0.24 + j0.15 Ohm. In addition, the experimental setup
consists of the PV simulator to represent the PV system,
the Battery simulator to represent the 300 V lithium-ion
battery, and the RLC load simulator to represent the linear
load. The diode-bridge rectifier with resistance loads is
chosen to represent the non-linear load.

To investigate the control performances of proposed
hybrid inverter during off-grid operation, the changes in
PV generation and load consumption are applied. The
variations of PV power are created by adjusting the values
of iz8rer of boost DC-DC converter in Fig. 4. At initial, the
PV is unavailable and the load demand is 1 kW at power
factor of 0.95. After that, the PV ramps the power up to
3 kW and the load is stepped up to 2 kW with a power
factor of 0.95. The detail of experimental examination is
described in Table 4.

The growth of domestic non-linear loads, such as smart
devices, inverter-based electric appliances, and LED
lightings, can raise the level of harmonic distortions in the
isolated electrical system. The proposed hybrid inverter
should perform well even in environments with very high
harmonic pollution. Therefore, this hybrid inverter is
tested under two different load types, as follows:

Case 1) Non-harmonic load.

Case 2) Harmonic load which is a mix of linear and
non-linear loads.

The goal of this experiment is to verify the off-grid
hybrid inverter operation in a range of situations that can
occur in an actual isolated system. The control of DC-link
using interleaved bidirectional DC-DC converter should
effectively provide the power balancing mechanism in the
hybrid PV-battery system. It is expected to perform the
fast charging and discharging abilities to deal with rapid
changes in the isolated system. Moreover, the full-bridge
DC-AC inverter can function properly even when a highly
non-linear load is connected.
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4. EXPERIMENTAL RESULTS

The waveform outputs are measured by high bandwidth
oscilloscope with 8 channels (YOKOGAWA model
DIM4000). The harmonic distortions, RMS values of
active and reactive powers are recorded by the digital
power meter (YOKOGAWA model WT333E) with the
sampling time of 1 second.

Case 1) Non-harmonic load

Fig. 12 (a) shows the main test results which include:
AC output voltage and current (vs and is), battery current,
voltage and power (VBar, i3ar and Pzar), DC bus voltage
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Table 5. Harmonic Distortions of Non-Linear Load

9%HDv 9%HDi
Order
1w [ L75KW | 1kW | 175kW

3 130 | 129 | 4104 | 4104
5 232 | 232 | 3147 | 3149
7 233 | 233 | 2003 | 2006
9 116 | 116 | 954 936
11 060 | 060 | 314 315
13 014 | 014 | 0% 036
15 019 | 018 | 06 0.63

(vpc), PV power (Ppy) and load demand (Prosq). The
experimental results demonstrate that the proposed hybrid
inverter can handle rapid variations in PV generation and
load consumption while maintaining low switching and
battery current ripples. The control performance in each
section is explained below.

During the time interval 0-20s: There is no PV
generation at first. As a result, the battery is the only
energy source capable of supporting the AC load at 1 kW
and 0.33 kVar (power factor of 0.95). To discharge power
from the HV battery, the bidirectional DC/DC converter
works in the boost mode.

During the time interval 20-35s: The PV power
gradually increases from 0 — 3 kW while the AC load
remains at 1 kW. When the PV power is higher than the
load demand, the bidirectional DC-DC converter changes
to the buck mode to absorb the excess power by charging
power, around 2 kW, into the HV battery.

During the time interval 35-65s: The load demand is
suddenly increased from 1 kW to 2 kW while the PV
power remains at 3 kW. Additionally, the reactive power
is also changed to 0.82 kVar to maintain the power factor
of 0.95 (see Fig. 12 (c)). The bidirectional DC-DC
converter still operates in the buck mode but the charging
power is rapidly reduced from 2 kW to 1 kW. As shown
in Fig. 12 (b), it is found that the battery current is
changed from 6.67 A to 3.33 A within 3 ms while the
voltage at the DC link momentarily drops before retumning
to the reference value of 400 V.
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During the time interval 65-80s: The PV power steadily
decreases from 3 kW to 0 kW, while the load demand
remains constant at 2 kW. When the PV power falls
below 2 kW, the bidirectional DC-DC converter changes
to the boost mode to discharge extra power in conjunction
with the PV power to supply the AC load.

During the time interval 80-100s: The load demand is
2 kW while the PV power is 0 kW. The HV battery is the
only device to support the load demand. Hence, the
bidirectional DC/DC converter is still in the boost mode
to deliver the power at about 2 kW to the AC load.

It is found that using hybrid PWM with the LCL filter
allows the DC-AC inverter to generate AC output signals
with very low switching ripples throughout the test. The
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AC output current and voltage waveforms, as illustrated
in Fig. 12 (b), are nearly pure sinusoidal. Fig. 12 (c)
shows that the total harmonic distortion of output current,
THD;, is less than 1 %, and the total harmonic distortion
of output voltage, THDv, is less than 1.2 %.

At the DC side, because of the interleaved topology, the
DC link voltage ripple (peak to peak, Avpc) ranges from 7
V to 14 V, and the battery current ripple (peak to peak,
Aigarr) ranges from 2.1 Ato 42 A.

Case 2) Harmonic load

At initial, the 1 kW harmonic load is made up of a
0.5 kW RL load and a bridge diode rectifier with 0.5 kW
resistive load. The voltage and current waveform of this
1 kW harmmonic load is shown in Fig. 13. The harmonic
distortions of output voltage and current are demonstrated
in Table. 5 which mostly are 3%, 5 and 7* harmonic
orders. The THDi and THDv are 56.8 % and 3.8 %,
respectively. The load stepping up is achieved by
increasing linear load to 1 kW and non-linear load to 0.75
kW. Besides, the reactive power is increased from 0.74
kVar to 1 kVar, which causes the power factor to increase
from 0.81 to 0.87.

Similar to the case 1, Fig. 14 (a) illustrates that the
proposed hybrid inverter can perform the power balancing
among fast variations of PV power and load demand, even
though the level of harmonic distortion in the isolated
system is dramatically increased. Furthermore, the ripples
of DC voltage and battery current are significantly higher
than in the non-harmonic load case, as can be seen in
Fig. 14 (b). It is found that the Avpc ranges from 11.2 V to
16.2 V, and the battery current ripple (peak to peak, Aizar)
ranges from 325 Ato5 A.

As shown in Fig. 14 (c), the addition of the non-linear
load causes an obvious increase in THDi and THDv of
AC output voltage and current over the duration of the
test, which THDi is in between 46 % and 57 % and THDv
is in the range of 3.8 % to 4.6 %. Then, the concern of
power loss causing by the raise of ripples and harmonic
distortions becomes more serious, and a larger size of
filter capacitor and passive filter may be considered.

5. CONCLUSION

The experimental testing verifies that the proposed off-
grid single-phase hybrid PV — HV battery inverter with a
two-stage interleaved bidirectional DC-DC converter can
deal with rapid changes in PV output and load demand in
an isolated system, both low and high harmonic distortion
conditions. The interleaved bidirectional DC-DC
converter can handle the power balancing mechanism by
controlling the HV battery charging/discharging current
with a fast response. The two-phase interleaved topology
also provides a low battery current ripple, improving
power conversion efficiency. However, increasing the
harmonic load intends to exacerbate the ripples of DC bus
voltage and battery cwrent, which can reduce the
battery’s service life. Moreover, the DC-AC inverter with
LCL filter and Hybrid PWM control technique facilitates
output ripples and leakage current, making the AC output
waveform close to the pure sinusoidal.
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This paper presents the development of an interleaved bi-
directional converter for high voltage batteries in electric vehicles. The
interleaved control scheme is a cost effective technique that reduces the
ripple current while also minimized stress and heat generated during the
switching operation. In this study, the control responses and
characteristics of converter currents in charge and discharge modes are

gated using he-Loop (HiL )
model OPAL-RT OP4510. The bi-directional converter is designed in

MATLAB/Simulink and then import into HiL simulation. Furthermore,
the Hil-modeled converter is controlled by using a 32 bit
TMS320F28379d microcontroller.
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Abstract— This paper presents an interleaved bidirectional
buck-boost DC/DC converter (IBBBC) developed for charging
and discharging high voltage battery energy storage system. The
IBBBC is part of a hybrid photovoltaic-battery system and
connects to the DC bus of a single-phase hybrid inverter. The
adoption of an interleaved topology helps reduce current and
voltage ripple, which can enhance converter’s performance and
efficiency. This benefit reduces costs, as well as the size and
weight of the converter. MATLAB/Simulink and Hardware-in-
the-Loop (HiL) simulations were used to simulate the control
performances of IBBBC in both on-grid and off-grid scenarios.
In addition, the prototype of single-phase hybrid inverter with
IBBBC was implemented in the laboratory. The experimental
results revealed that the control responses of charge and
discharge processes, during on-grid and off-grid operations, are
similar to the simulation results.

Keywords—Interleaved bidirectional buck-boost, The
DC/DC converter, Hardware in the Loop (HiL)

I.  INTRODUCTION

The growth of small-scale hybrid photovoltaic (PV)-
battery systems nowadays can improve energy management
capabilities and system reliability for residential loads. Low
voltage (LV) battery systems, such as lead acid type, were
widely used in the past due to their low cost. However, weight
and size of them are the primary concerns [1]. High voltage
(HV) batteries, such as lithium type, are now being considered
for use in energy storage systems and in automobiles [2],
which it can reduces cable size, temperature, and losses over
long transmission distances.

A battery energy storage system (BESS) in the hybrid PV-
battery system can either inject or absorb power via a buck-
boost DC/DC converter for both on-grid and off-grid
operations. According to [1], there are several topologies
proposed for use in bidirectional buck-boost DC/DC converter
applications. It was discovered that the interleaved topology is
the most useful solutions, offering features such as high
efficiency, improved thermal performance, current ripple
cancellation, electromagnetic interference and a higher
conversion ratio than traditional converters [3].

In this paper, an interleaved bidirectional buck-boost
DC/DC converter (IBBBC) for the HV battery is
implemented, as can be seen in Fig. 1. The IBBBC performs
as a charge and discharge controller, dependent on grid

978-1-6654-9302-4/22/$31.00 €2022 IEEE

conditions [4]. It is linked to DC voltage sources, one of which
is the hybrid inverter's DC bus and the other is the battery. The
voltage levels between these two DC voltage sources
influence the amount of DC power and the flow direction.

The development of the IBBBC prototype is divided into
three parts: 1) The simulation and preliminary testing on
MATLAB/Simulink, 2) The modeling and testing the power
stage on Hardware-in-the-Loop (HiL) simulator to evaluate
the controller performance, and 3) The implementation of the
IBBBC prototype and experimental testing with grid-tied
hybrid inverter and PV system to examine the charge and
discharge operation in both on-grid and off-grid conditions.

AN INTERLEAVED

BIDIRECTIONAL
DC bus|
BUCK-BOOST

$—| DC/DCCONVERTER

Fig 1 Proposed the interleaved bidirectional buck-boost DC/DC converter

II.  ANINTERLEAVED BIDIRECTIONAL BUCK-BOOST
CONVERTER

The N-phase interleaved topologies for allowing the
DC/DC converter to charge and discharge power are shown
in the Figs. 2 and 3, respectively. The two-phase (N=2)
IBBBC is made up of voltage sources on both sides which are
Vpc and Vian, the four power switches that are insulated-gate
bipolar transistors (IGBTs), and filter capacitors Cpc and Cs,
respectively. The operation of the IBBBC in charging and
discharging modes can be described as follows:

e Charging mode
For operating in charging mode, as shown in Fig. 2 (a).
The switching signals for triggering of each phase S;,S5 and

83,8, are operated state with a duty cycle and 7/N =
(360°/2) phase shift.
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Fig. 2. Charging mode operation (a) current flow directions (b) the basic
operation of the IBBBC during charging mode.
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Fig. 3. Discharging mode operation (a) current flow directions (b) the basic
operation of the IBBBC during discharging mode.

State A :S; and S; are turned on, making the current
flows from the DC bus (¥p¢) to the battery (Vj,y). This
current is split in half and stored energy in the inductors, Lg;
and Lp,. The capacitors (Cp)is used to eliminate current
ripples.

State B : When S; and S; are turned off, diodes at S, and
Sy start conducting currents from the stored energy in the
inductors to the Vyar .

e Discharging mode

The switching signals for triggering each phase S),S, and
S3,S4 are operated state with the duty cycle when in the
discharging mode, as shown in Fig. 3(a).

(k+ 1) Ts|(k+2) T [(k+3) Ty

CLKf iz,

DT, |(1-D)T;, DT,

Gsi,s

[z [ Do

Gs3,s4

irgl

o
4
{5

\

irp

Tpan t

State A : When S, and S, are turned on, the current
flowing from ¥, into Vpc is divided in half by the number
of phases and then accumulating energy in the inductors.
In addition, the current ripple is reduced by using a capacitor
Cpe-

State B : The currents, i;5; and i;5,, flow through diodes
atS; and S; when switches S, and S, are turned off.

Figs. 2 (b) and 3(b) shows that the switches SI,S:, and
S;,S are operated with a 180° phase shift and the switches on
each phase are complementary. The up-down-count mode,
which is a time-base counter that starts at zero and increments
until the period value is reached via complementary signals, is
used to average the curmrent in each phase, i;5; and izz;.
Hence, the change of each inductor current, i;z,, can be
written as:

Ve (1) = Voo (t) 15,85 and, S,S;
LBn _
dt

‘Bn
Ve () :S),S,and, S;.S,
(1)

wherenis 1,2, ... N.

The interleaved technique can minimize the input current
ripple, as derived from

dig (1) o~ digs, (1)
dt 2. dt ®

The maximum ripple current through the inductors, 7, 7,,,,
is given by [5, 6]:

Ve
ANLf,

(C)]

Alpp e =

Where L denotes the inductance value which L = Lg, =
Ly, and f; is the switching frequency. In addition, L can be
designed from (4) by specifying the values of Air7max.

CLK k1, Tkt 1) T T+ 2 Tk +3) T
Gs1152 (o7, - []]
G:S',:4 72 JOTs
irs -
A ¥Lp1
iLg> -
L] | litp
B e P i I ey S g
Ipart -
Al
. R

0 Ty

Fig. 4. The waveforms of the IBBBC during (a) charging mode (b) discharging mode
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III. THE CONTROL SYSTEM OF THE BIDIRECTIONAL BUCK-
BOOST DC/DC CONVERTER

Two control modes, which are grid-forming and grid-
connecting operation modes, are employed into the IBBBC
depending on the grid conditions. When the hybrid inverter is
off-grid, the IBBBC is in the grid-forming mode. On the other
hand, the IBBBC is in the grid-connecting mode when the
hybrid inverter is on-grid.

A. The control mode
e  Grid-forming operation mode

Grid-forming operation mode for the IBBBC is illustrated
in Fig. 5. The Vpc is controlled by the IBBBC. The control
structure is divided into two systems: The voltage loop, which
is the outer control system, and the inner loop is the average
inductor current control system. The voltage loop regulator
compares the reference voltage ( V;C) with the sensed voltage
(Vpc), the voltage error value is eliminated by the PI controller
and generated the reference battery current value (i) for

%k
v DC.

Vbc

irg>
Voltage control 5

(IBBBC) Current control

Fig. 5. The control of the IBBBC during grid-forming operation mode

Fig. 7. The outer voltage loop control of the IBBBC

the current loop. The block diagrams of their control can be
shown in Figs. 6 and 7.

After iy, is sent to the current control loop, it is split in
half into the parallel circuits (i;,,,,/N). This divided value is
equal to the reference current of the inductor in each phase,
izm, izg . Then, the system sent a pulse width modulation
(PWM) signal to control the operation of the IGBTs.

e  Grid-connected operation mode

In the grid-connected operation mode, the control of Vpc
is based on the single-phase AC/DC inverter. The cascades
control consists of the outer voltage control loop and the inner

grid current control (GCC) loop [7, 8]. Therefore, the IBBBC
only determines the value of i, to operate in charging and
discharging modes. The block diagrams of the single-phase
AC/DC inverter’s voltage control are in Figs. 8 and 9.

Sensor& filter |

| Bt

Fig. 8. The voltage loop control of the single-phase AC/DC inverter

v P*c Pl Voc

I Sensocfilter)
Sensor& filter
Fig. 9. Linearized the DC bus control blockdiagram

B. The control system design

The PI controller for the current control loop is designed
by using an extended symmetrical optimization method, as
explained in [5, 9]. It is recommended that the PI controller
should meet the criteria phase margin > 45 ° [10] to have an
acceptable overshoot. The controllers are designed based on
the switching cycle is 0.05 ms and the bandwidth is 30 Hz.

From the control block diagrams in Fig. 6 and 7, the gain
parameters of PI controller for the current controller (inner
loop) are including; k,;= 0.2041 and 7,; = 0.0006. On the
other hand, the DC voltage controller (outer loop) has the PI
controller’s gain parameter as j, =2.346 and T, = 0.0006.

Based on those PI controller’s parameters, the Bode
diagram of IBBBC control system is plotted in Fig. 10. It is
found that the current and voltage controllers can achieve the
phase margin of recommended. In addition, the time domain
responses are further demonstrated in Section IV.

Tt

Plase margin :
45°

A "

[

Fig. 10. Bode diagram of the IBBBC bus voltage control system

IV. THE EXPERIMENT AND RESULTS

A. MATLAB/Simulink and HiL simulations

Initially, the power stage and control system was modelled
on MATLAB/Simulink for a preliminary test. After that, the
power stage of IBBC was modeled in an OPAL-RT OP4510,
HiL simulator with the real-time control unit implemented on
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TMS320F28379D 32-bit microcontroller as illustrated in
Fig.11. The power stage is designed based on the output
current ripple (Aizrmax) is 15%, the duty cycle (D) is 0.75 and
the switching frequency (f) is 20 kHz. The parameters of the
IBBBC are given in Table L.

Fig. 11. Experimental setup based on HiL simulator

The HiL simulation results in Fig. 12 and Fig. 13 indicate
that, if the Vpc and Vs is constant, the IBBBC modeled in
OPAL-RT OP4510 with the proposed current control scheme
can successfully provide bidirectional power flow with the
fast dynamic response. The control responses are investigated
by the step-changing of the reference value, is*, from OA to
10A (for charging mode) and then from OA to —10A (for
discharging mode). It is found that the battery current, ipar, can
be adjusted within a 2 ms response time, as shown in Fig. 12.
Moreover, Fig. 13 demonstrates that the interleaved topology
can effectively lower the ripple of output current, Aizz,. As a
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Fig 12. Step response of the proposed IBBBC during charge/discharge
operations

result, this designed model could be implemented into a
hardware prototype.

TABLE I THE PARAMETERS OF IBBBC

Parameters Symbol Value
DC bus voltage Vb 400 Volt
Battery voltage Var 300 Volt
Inductance L=Lg=Lp 1 mH
Switching frequency A 20kHz
Rated power (DC/DC) Ban 3kW
Rated current I 10A
Capacitors Cpcand Cz 775 WF and 195 uF

B. The IBBBC hardware prototype

The setup of experimental test system is shown in Fig. 14.
The test system consists of the 3 kW IBBC connected with the
5 kW single-phase grid-tied inverter, the PV simulator to
represent the PV system, the Grid simulator to represent the
50 Hz, 220 V distribution system, the Battery simulator to
represent the 300 V lithium-ion battery, and the RLC load
simulator to represent the AC load.

e  Grid-forming operation mode

The Grid simulator is disconnected during the off-grid
condition, the Vpc is controlled by the IBBBC making the
BESS can act as the reference device to maintain the power
balance mechanism in the hybrid PV-battery system.
Additionally, the changes of PV generation and load
consumption are applied in the system to examine the
IBBBC'’s charge/discharge ability, as shown in Fig. 15. If PV
power is higher than the load demand, the IBBBC will absorb
the exceed power by charging the HV battery. In contrast, the
IBBBC will inject the extra power if the load demand is above
the PV generation.

(L TON 7, ———) Stop

NN A S

2 A/d) \
» Hirm=3.764
— A
CHARGING MODE
» (5 /div) Aigz=2.804) ]
N P
(a)
LTI Se——— | Stop

v v

\ 2 A/div,
A \lipm=3844) ~
\ \/{\“
T2 Atdv)
o (Aim=3.B4A)/\/\
1

DISCHARGING MODE

NG N NN NGNS
(5 A/dv)( Aizz=3.0 A

(®)

Fig. 13. The current ripples of the proposed converter (D=0. 75)
(a) step charge (b) step discharge
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Fig. 14. Proposed the IBBBC hardware prototype

During time 20-35s: The PV power gradually increases
from 0 — 3 kW while the load remains at 1 kW. When the PV/
power is higher than the load demand, the IBBBC will absorb
the exceed power by storing power, around 2 kW, into the
battery, which makes the IBBBC in the charging mode, as
seen in Fig. 15(a).

During time 54-57s or Zoom A: The load demand is
suddenly increased from 1 kW to 2 kW while the PV power is
3 kW. This change causes the Vj ¢ falls slightly to below 400
V. Then, the current control loop will reduce the charging
power from 2 kW to 1 kW with the respond of 55 ms, as
demonstrated in Fig. 15 (b). As the result, the VZ)C can be
brought back to 400 V.

During time 80-83s or Zoom B: In this condition, the load
demand is 2 kW but the PV power is zero. The BESS is the
only device to support the load demand. Hence, the IBBBC
changes to operate in the discharge mode to deliver power at
about 2 kW to the load.

e Grid-connected operation mode

‘When the hybrid inverter is on-grid, the DC bus voltage is
controlled by the grid-tied AC/DC inverter. To verify the
charging and discharging of the IBBBC in this scenario, it can
be done by changing the direction of the reference current, iy
in the current control loop, as shown in Fig. 16.

‘When stepping the i,:a,, from 0 A to 10A, the IBBBC will
operate in the charge mode, and the current of each phase
(izg s 1 232) is changed to SA while the output current of battery
is changed to 10A, as shown in Fig. 16(a). On the other hand,
the discharge mode is done by stepping the i}q¢¢ from 0 A
to — 10A making the current of each phase (izz;, irg>) is
changed — 5A and the battery’s output current is —10 A. The
response of current control loop spend time around 1 ms that
bring up to the reference value, as shown in Fig. 16(b).
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Fig. 15. The results of the experiment of hardware prototype during
grid-forming operation mode (a) the operation in a prescribed scenario (b)
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Fig. 17. The ripple current (a) step charging 0A to 10A
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It has been discovered that the proposed interleaved
topology can successfully provide fast control responses
during on-grid operation while introducing a small ripple in
the battery's output current. Figs. 17(a) and 17(b) show that
the Vpc changes slightly during the charging and discharging
operations, causing the current ripple to vary slightly.

V. CONCLUSION

The IBBBC is introduced in this paper for use in a hybrid
PV-battery system. Its goal is to control the charging and
discharging current of the HV battery in either an on-grid or
off-grid condition. The control responses and battery current
ripple are investigated using a HiL simulator and a hardware
prototype. The simulation and experimental results
demonstrated that the proposed interleaved control technique
can successfully charge and discharge the HV battery, both
on-grid and off-grid, with a fast control response and a
relatively low ripple of battery’s current.
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