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ABSTRACT

The overvoltage controller for a hybrid photovoltaic (PV) and battery energy
source system connected to a single phase 220 V, 50 Hz distribution network is presented
in this thesis. When the supplied power from the hybrid PV and battery system is relatively
high, this controller aims to prevent overvoltage at the point of common coupling (PCC).
The voltage control strategy is a combination of active power and reactive power
management. Furthermore, the grid-connected hybrid inverter will absorb reactive power
before curtailing active power by charging the battery and decreasing PV power. To
examine the performance of the proposed voltage control method, a 5 kW grid-tied hybrid
inverter prototype is implemented in the laboratory, which includes a full-bridge DC-AC
inverter, a DC-DC boost converter and a Dual Active Bridge DC-DC converter. The test
system is made up of a single-phase hybrid inverter that is connected to the low voltage
network via an impedance of 0.64 + j0.55 Q. The experimental results in the laboratory
discovered that the proposed voltage controller can effectively prevent overvoltage at the
PCC while the hybrid PV and battery system injects excess power into the distribution

network.
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'O—T—O/ %ﬁi T Converter Isolation Relay  EMI Filter
+o o oo | L T—o— 1|

PV2 ! T WPPT2 J : 2 e 4 ? 2 B . L
-0 o - @ N -o N

i Jors
ED Battery i j =
DC SPD = :
AC SPD

sU# 2-18 Tassasszuunanlniimdanadonsiossuulassinglyihuuunanszuuuseiugs

LL‘U‘UIJJJJ’Nf\]iLL‘UﬁQ‘WﬁNWUﬁWMiULL‘UG]LG]EJi[8]

Faluszuunas i mdanaausessuulasenglvinuunaunldhumnesseuy
LSIPUAHULSIAULNHTENINUARDIHAE DC Bus U52auUwsaaubidiNALanm199 UL
Fndunazdostiaasivasiumdslniieiiusesunsesulivindunsssulnidng DC Bus [9]

=~ v a a Y] A v aAv v
waziialvanunsanluauiianenisinanasUsuiaveandinuiidisonwuanesla diulu
vuuvﬂ,mmmLmaﬁl,mﬂumLLUU;J'N%LLUaawaamuﬂaumvmalfma DC Bus szuuilavilye

Y 44 a v a Y} Y a ) aa =
Isussuluzesnmsdenlfuunneiimsizussfulifidudunmuesisasudamdsanuiifidod

AA9NINAILUIIENNT AN LT URLABS LAiaINaneNIN
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2.4 293319U3ABULIDSADIUALIZUUAIUAY

TgusnBuLIasn s IMTNTin1SLUaINE1IUTENIN 3 53UV UTEnaumiendeu
Mnllalhamdn wummeiuazszuulaseienisinih fuiuleusndunednedassynaudie
1MATAIAATEY 3 @I1UAD2995 Full-bridge DC-AC Inverter, DC-DC Boost converter Wag
Dual Active Bridge DC-DC converter

2.4.129395 DC-DC Boost converter

1495 Boost converter w%agaﬂauLaa%ma%v‘ﬁJuNﬁ]iLLUmﬁuwé’Nmewﬁq

Mwduniuamisiizeniud@siuwsInumsIzd usssuliidunnazuinndd

Ul minaEseasyanauLIBsInesuanagUT 2-19

i Lg Ds io
——il g >
+ +

E‘U‘ﬁ 2-19 2935 DC-DC Boost converter

1197119714 997995 DC-DC Boost converter lulnunnszualnaniusii
WileudseLieg(Continuous-Conduction Mode :CCM) w3anszuanlranufnide1un
LAl 11NNIIAUE AIAIUANITATUANINITIAUAI YU 1auuuAIULIAT (Pulse Width
Modulation :PWM) Nia@3ndansneiaua Sg teadng Sg Unasasinszua) vinlinszualua
1 a L4 U d‘ -] = a L a{' d‘ a s a
HauadnduasAimviledtn Le JuAan1s@saundeaui Leileadiag Se 1Un2995(Myn
wnszua)imlerdgmendsnuiasausuiundsnunmudunaiiulalen DslUgwuiv
Uszquavivansialy [10] wanasagu 2-20 Wieneasvinnuluaniizasi (steady state) 1n

[

nsBuiinSadyaaussiunnaseudumierdilunamisniuaglaviiuaudasaunisi 5

thon + (Vd - Vo)toﬂ - O (5)

1PN IIEIULIITUDVINARDBUNAAIEUNITN 6



19

Vd
Vg
) (Va—Vo)
I
7_4\_}_r
I
1
I T, |
I ton —torr —|
i ‘/io \ I io
—
+Vv- + v
\“/“ + " +
N = I TCO v,

U7l 2-20 gUmAuusssuliiuaznszudlniiwesimienth Le
2.4.2 99395 Full bridge DC-AC Inverter

winfives Full bridge DC-AC Inverter Susnvindfilunisudasiundsay
s¥1319 DC Bus uay szuulasstiefiiudanszuaadulnefinsuadivansruaadudusosd
aruilndiRsguadulediniigndeiudielsruudianudielunismuaussuuaunuii
wiilunisinwinseduluda DC Bus Taafinl 400 Tad[11] dalasnisuszgndldsaniy
F8N13AIUANKUY Unbalanced Synchronous Reference Frame #1nseauwsadulniingngg
Wasuwlasluidesnnafistunioanasestidsliihanisaduaserfindazdmaliin
AIUANUUY Pl (Proportional-integral controller) @¥19n5zuasonuilunny d (iy) 39

'
| a

o [ = [ - = & 1 2/ o w a
anunsnhunAwInieaienssualulny q (ig ) BnludiundrsairamdsluiJuaam

gre

Yaa

19 ludiuveinisaiuaunszwavesduiiesnasiulgids Unbalanced Synchronous
Reference Frame [12] Fsldvannisudasununyulviegluunuiiissnusenaunsenanss Loy
JEUUAIUANAEFUNTELavRIduIeimasulagly Hall effect current sensor Fanvunly

< - o v Y a a a g A
W IS LLagﬂqMUfﬂIMLUUﬂﬁzLLaEJ'NENIULLﬂU'ﬂiQ a LLagﬂﬁgLLaIULLﬂug]umﬂ']Wﬂ VINUULND

a

vihnsudasunumyuann o Wegluunuils dq agld iy wa i, % iy Wudnszuadiog
Tuwnuilamunziunisidaudinuauwuy Pl lunsauauaInTElaniana1nantuazina

LSAUAMNFIATUANAUDYATIU Vo TIUAULTIAUIINAIAIUANTITUBUN Vi
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VSC

Utility i, R L

2 - ;
Grid J__' lo Load
\\i ‘l _{ e v or
. —|_ Source
o

yt .
' V\' ’\q. ref = 0 3
Vores ~€v | Voltage | isiry > Current
Controller i C_ontro]lers
— in dq axes
2 gt
Ripple i
Voltage | V.
Estimator | i,

e

JUN 2-21 1A39as9s8uuAIUANILTIRY DC bus Wuu DC bus voltage control of the single-

phase PWM rectifier with a ripple voltage estimator [11]

2.4.3 2935 Dual Active Bridge DC-DC converter

= v o w A ] ' ) v
LN sasulasiumasininssuanssfideldusindulunmeises
sanuwuulndgunsnuresiudunann e lvisessuiunmanyazlsaiuliinves
wuaLAes hazdinsaiusadnemdsiniinlasg1afuiing Dong-Keun Jeong wavamz[13] T
l@UBN1T88NLUVIATHUAINUAa N AN Sz LanSIuUU Dual Active Bridge DC-DC
Converter @1115UN13199UTINAVLUALADITZUULIIAUAT LED1NLSIAUlNHIv0ILUALADT
zuandsiulumuanugnisidauudilowssiulniveswunmeIegluseiugamsauunnes
< o Yo o . . = = [y = [
Wiy 937 lAg1UN1SVINULUL Soft switching (ZVS) azanadllaisuiuilloussnulninues
a6 ay N g w ~ A a ed a . .
LURLRaIAN UITe TN 1TUAsULUAIALREIATIND LN ULUATBY Soft switching

(2vs) lurugiuunmnesiivszgi wazanunsoudasiuidslihldduiinaleelidesandeds

LSIAUBUALFIDS
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°

AMI0RNLUUR BRI TR uLSIsuR s Ranfigeensldam Tnefineasulas

9

Aumaslninaunsodremasluildfuiuansdagui 2-22 aziiudnen duty Wseyusinana

ussiulwihveanouasnuigeivinudufifnfiusafununneimiign agil 0.45 Faay
wlalFeuasinidsuiamaiinfigavasyinnudufin wazayulaildauasinii

q

o

A aaiifigavaziudufidaveuluanisinanudu Soft switching (2vs) lal
aunsavile §3dedelausuan dandleriniiluaiinduvinliesuiunnisvinau Soft

switching (ZVS) Wisiiusn 8.05%

The power of fixed switching frequency

)
&8
8
i

000 e Tl

Power (W)
&8
=
=]
i

battery voltage ()

JUN 2-22 anuduiusvesiiaslniniunswiuwunmesuazyuisiadioviunaua A [9]

1
1A

witiied 3 laeanuuulimasiinuuuuiguudasainudlugie 50 -
70kHz vuzvhauddmalidusasneyusunansdia 0.3 Ansinuduiialaefiwssiu

LLUGILmaiﬁ’]ﬁ\l’liﬂL‘UaEJ‘HLL'Ua\‘i‘\]’mLLN@UG]’W]?I@lUﬂx‘iLLNG]ULLUG]LG]EJQ‘ \‘1 ﬂlﬂLLﬁ@lQﬂ\ﬁUW 23

The power of applied vanzhle switching frequency method

24

hattery valtage (V)

SU# 2-23 avwiduiuduaafdsliihAunssiununnoiuasyusanalinisiAsunud [9]
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wazHanIINAaeIanliiudNIsAIuANLUUABULUAIRIND 50kHZ G

70 kHzyMlAUsEans nmn1svinauvensaskuasiunaslniauuy Dual active bridge DC-

Aao oA

DC Converter WaBUEa 4% NRAABIAEURUNITAIUANLUUANDATINTIAIA T0KHZ kand

Faguil 24 wazgUit 25

1kw 2kW 3kw akw 5kw
Power

@m0y wfn2)y sy b oy e@wIgy

JUN 2-24 UseAnSamiUIeuliiguiunsaiuuunna3huununasi [9]

v W W
w s

Efficiency(%)
~N

1kW 2kw 3kwW 4w SkwW
Power

=)0V ofe2)y wlpe2ly w@m)cy @3y
!

JUN 2-25 UsganiamiSeuimeuiunssiuiuamessuuiasuaiud [9]
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L UNTITALL U

Tuuniinaniainisiinuvesssuunivauussulniiiedesiulaymusadulig

P a sl

ARDIIGUAY NMIVINUIRTAIAMAUaENIIAIVANYRIlaUsaBuesIne Y

9 Y

elaass
Fu 115918991151V 995BUIBSABS 2995 Dual Active Bridge DC-DC Converter
Tnel4lusunsa MATLAB/SImulink wazn1seeniuueasaIamawedlausnduiesnes e
Tileusndunedimosaunsarinuldeddivssans nnluanisfissuvdsseiinnugoune

A | & a a ¢l
"\]’]ﬂﬂrﬁ‘ﬂa’]EJﬁQﬂJﬂ’]E]@JWLL@u"?]V]QQ

3.1 ﬂ’]’iVT’l\‘i’]N‘UEN'i%UUﬂ’JUQSJ WIIAULAY

TLUUAIUANL TR NIAandlugun 3-1 HTnqUseasAiioninidenisia
Jymussiuiungaouse (Point of Common Coupling : PCC) 91nn1sidinasluiilva
gannszuulnlaliandn/uunmesidngseuudmiheusatuiunniull lngszuuaiuny

% Y] s a o w A a ¥ (3 a s A
LIIAUALAINNTAFIYISAUUARBTRATAAN N NNGnlAINwaduaseindifioan

Adslnianluadeudgssuudmuieg sauisauisanluaumaslninduanmitlvaniu

a 1 s Y 19
dueses ladneae

Photovoltaic Hybrid Inverter
/ N
Vpee
Line Impedance
— [
LR Lo,
A J
Battery '
L N\
|

|
| Voltage Controller e

JUN 3-1 amminszuumuanusaiudmivssuulnlalandnuaziuninges
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v

Tuannzunafissiunsaiuiigarosin Vy bifiussiuuswiugsgaiiveniulsande
Amuanisfeuselassdensiiinde9in1n Vogma SEUUAIUANLSIIY (Voltage

controller) agliigwinnuy Fsmdslwihindaldanwaduasenindagireimmdalniasan

P

mpp Wazdsiulddslauinduneiimeidiormasnsmuiindalalneididaluidun

] o ]

AWYINAU 0 (M30AIUTENBUASUVINAUNTY) dmSulunmesazdaluiinisusaauninsesu

a0

U589UBIbUnLAaT (State of Charge : SoC) HAteenINseAusgannmuall (SoC.,,) N3

9

nuvesssuulnlalandnuazuunmesiuanizund (e 0) anunsauanslansguin 3-2

Photovoltaic Hybrid Inverter
)
Pov =Prmpp Ve
—_—
= Line Impedance
_| Pinv (W
T
R by @
-
Battery ' Vpce < Vpee(max)
————————————— ~ SOC(min)< SOC < Soc(max)
|

JUN 3-2 mshnurasszuulilaliandnuaziuamesiuaniizuni (lifnsaiunuusesu)

I 1 [

dloussuiiannosan Vo duiuseaunsssuasanfisonsuld V. >V
pcc & = ONE] pcc pcc(max)

9

STUUAIUANLIIRU (Voltage controller) 38i31n1391197U agyinn15usn1sdan1snisane

o w 4

maslniivesgunsalaunuiiwaduase1iing wumnes waglauinduiesines wielins

[

v =~ ! [ ! = a a ! [ < &
muAuLsnuIaeNsalulusgaiuseavian Ingazuuanisvianudy 3 nua Al

Tvaiaf 1 : duesiwesasusulvlinisganaumdlninunnmidiuatouiinsing
Inandamieniuindulussuy Fuavaunsaanserunyndousaadls dwansdugun 3-3
lngsyuuauaulauinduneiinedasuiudnseuas1daluunudy lye ndnnidunis

muaumashiihIunnmlivindy 0 sudunsmuauszAulsstuiigadensie Vo W A9
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wanalugun 8 Felinpnuaunsatunisatvayunismadnihdunninvedlausnduesines

Qpax d130UsEAd G INANNST (7)
|Qmax| :Pinv Xtan(COS_IPF) 7)

We PF @ YunFUsEnaumdwatlausaduasmesnauisausule

Photovoltaic Hybrid Inverter

)
Pov=Prmpp Vpee

—_—

Piny= Pp | 172 Impedance :@
_| ;
Qabsorb Jg _Lg_J
-—

Battery ' Vpce > Vpcc(max)
~ SOC(min)< SoC < SOC(maX)

JUT 3-3 MehanuresszuuauAuLssnusalud@luluuey 1 @nsganauidlniniue

MNNYIDE19LRE)

Tuadl 2 : syuumIvAuIssuYOUlulnue 2 mnsedudseyliinvedwunine3ds
LitAnA3q (Soc < SoC,., ) MipszuuAIUANLIIULHTnUIINSgAndumadlWi dunnw
a 3 ¢ = | = | 9 = ~ v Y

Yoduneimesiissetamellilaunsaanusiulniniyawensslassuuauauuwsaiului
zBuRUIasiIndaldanaduasefindidruniulilununnednienisdsiiszuy
dl o p 4 L U o L dl U
AIUANNTUTEQRUANBSYIUNSauiuNMsauANIskUasiuiasliiinssuanss Tnands
eululnun MPPT fig Asiaslniihgegaanneaduasenfindey dewalvimaslninaianing

Whszuulassdiganaswaslunasiiedtudunesnesidingandumdalnidunnineie

WERasaguUan 3-4
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Photovoltaic Hybrid Inverter
)
Pov =Prpp Viee
S —
—
Pinv=Pmpp- Ppat Line Impedance
— [ :l—-—\—@
Qabsorb R b
Prat

-

Battery ' Voee > Vipee(max)
_____________ ~ SOC(min)< SoC < SOC(maX)
|

JUN 3-4 M9Y9UTBeTEUUAIUANLSIRUSHLLTR LWlnuaN 2 (@andumaslnihunninuas

Y159UTTYLUALADI)

Tnua® 3 : gsiuduiiesninlnuni 2 lnenininlausndunieinaiganiy

'
o o =

Aaslnindunninauds@indin Quay 4azUTZ9U0UUMADIANLED UATZAURIIAUNYA

q

WeudadinsganinAInganTula ssuuAIUANKTINU (Voltage controller) azludslagas

wUasulWnszanse DC-DC Boost Converter ¥935zuUlWlalian19nlientan1svinanuLuy

a1 o

MPPT wazvimisanfidsnsuanlildhlidaaindid By, Tagazvinnsanddslineds

nszuulvlalaanidnluisesq auniiszAunssiungatiouse Vo, azAndiAiaeld
JUN 3-5 LanINSYINNUYedsEUUAIUANLTsANsnluliRluluued 3 nefin1siauvesssuy

muANwsulnihasitesdiunisinauan nued 1 ldsluuedl 2 uaglnued 3 nud1du

dMSUN1STINNUVRITTUUAIVANKSIAUER LA LAWY Hlnaasanisvineu

(%
Y

Vavuadauanslugui 3-6
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Photovoltaic Hybrid Inverter
g 0
Pov < Prpp Vpce
_—
. )
_| Pinv = Ppy F”‘i“p‘“’—ancle ( Q )
Qavsorb LRQ _Lg_J
S J
Battery ' Vpce = Vpee(max)
—_—_——— e — — — — — N SOC = SOC(max)
| Iy
: Voltage Controller 1" |
[
I =

JUN 3-5 M3vianuresssuumuauLssnudnluliRluluued 3 (@andumaslnihdunnimuas

ann1s3nemastiinanszuulnlalianidn)

Measure
Vpec(k) & SoC(k)

Vpec(k) > Vpee(max)

MODEL Enable

MODEQO Enable

Vpee(k) < Vpee(max)

A A A

Re:ég"%gg‘r?m Battery charging PV Curtailment MPPT Operation
MODE1 MODE2 MODE3 MODEOQ

! ! !

Y

retum

JUN 3-6 INE19150N159NIUVDITTUUAIUALLTIAUE A LR

Y ‘
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3.2 MU VBITLUUAIVANINDINIAMIAIRILaUTABULIDSINGS
szuumuANTeaslauIndunesmesasgnuuteanu 3 diundny laudssuuaiuny
Y993933 Full Bridge DC-AC Inverter, DC-DC Boost Converter Wag Dual Active Bridge
DC-DC Converter TapszuuaauAui 3 dauaggnuszananasunfenannidues iausady
waznszualiiidngqriu ADC (Analog to Digital Converter) wazdsanusiasaeg PWM (Pulse
with Modulation ‘1’7iagjﬂwiuﬁuﬂizmamamﬂﬁ%maa DSP (Digital Signal Processing) U84
U3 Texas Instuments fgEna C2000 Wwa$ TMS320F280049C Tasfleuidedazuu
Ay 2 #1 Tagil 299501AA1&9 Full Bridge DC-AC Inverter Way DC-DC Boost
Converter 9¢NAIUANAIY DSP FAgdiu d112935 Dual Active Bridge DC-DC Converter

WYNAIUANUENIINNATNENAIY DSP Bneranile

FTUUAIUANNITYINIUUB995 Full bridge DC-AC Inverter AUseaianaazyinng

'
a

Soussulwihiigadesu Vpee 93UT 3-7 iieheussfuliiigadesannUszanaa
o \edmninmsdeusedeiuszuulassnelngldinadengy (Phase Lock Loop : PLL)
LU Inverse Park Transformation Lesaniimsnaneuaussienisidsuutasiisinialia)
TnensAmuAuN1sieuwes Full bridge DC-AC Inverter Huaginnismuasussiuliil v,
Iinsii 400 Tad winseduussduliihdinsdsuuladiuidesnmafiutuvieanaswes
Aasliianaduasefingazanalifianiuaukuy Pl (Proportional-integral controller)
afanszuaoonuluun d (iy,) Ssennsadanduniieadsnszualuun g (igref ) Bs
Hudufidrsairesdsiidunnwls Tuduvesnismuaunssuavedunesinesauldis
Unbalanced Synchronous Reference Frame [12] @dl#vdnnisudasununslogluunui

foeAUsENoUNTERANSY IngTEuUAIUANIESUNTELAYRIB U masulagly Hall effect

current sensor Fsruualidu Iy waziuualindunszuadiedslulnuass a waznszualu

wnuIuanm B antuderiiniswlamnumyuain af Wegluwnuiis dq agld iy was

iy @9 iggl0uAnszuanegluunuiamunziunsldsnudauguuuy P lunisaiugy

ANTEULANIRANAINAINTUILUIATINUIINAIATUANAIMDLATIU Vypep TINAULTIIUIING
AIUANBNSHRTN Vi FVIIMIUERETULNEUAIUANAITUINA (Gate Driver) uardsaulugy

IGBT (Insulated-gate bipolar transistor) aly
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Isolation
amplifier

Isolation
amplifier

—————

Gate

Ldref

NEZERT S qref

pec

—>

Phased-locked loop I =0 N |

E‘Uﬁ 3-7 58UUAIVANNAT Full bridge DC-AC Inverter

FYUUAIUANI4RS DC-DC Boost Converter PUILTnAINSEhawazhsInulii1veg
waduasaindilnuieauandlunuideildnaianishaniumddlnirgeanvesad
a ¢ Y aa & & adaq 1o v
waID19AMe (MPPT) #2835 Incremental Conductance Method @ luasylidudouuintas
fiaubienisinnumaiiihasananeaduaterfinglinsutisfiiieldsiudunisaiuay
WuU Pl [15] ssuudamuindaliiigeanueiaduaiofinguu Incremental Conductance
Method duazSsuisuaIudusidaliituanuduwsesuluidrvewwaduaiaing

(%
& o

dB,, /dVy, vindianwiiugudiufeaiiwaduasenindlifidalniinfingega (Maximum

e

v
U 1 Id A o '

Power Point : MPP) Tuaautiu vinwavesn1smeyiusianduuinfediumisnudionas

winfianduaviufsdiunuaniueivesganidalniigegn MPP dwaliszuufnniy

o w & 1 1

Adsliihgegaveawaduaseriinddernoanundunsadudeds V. idniugy

wsauliuuy Pl vdsintuazgnuegaduludygy i PWM uagdea1uidas DC-DC Boost

Converter #alU ﬁﬂ’gﬂﬁl 3-8
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) ; L
= N
Vov | Vo dm:v =0
l C==2 — & Der l C | - |
Sg dP/dv >0 I
| : dP/dV <0
T " |
Isolation :
amplifier "
% v
r— Yapc Yapc T ﬁl
| Vpv > Vowref iiBret Sg |
i) | MPPT ) Pl > Pl [ PWM [—» |
| Vv I8 |
W /AN 4. U0\ ).\ . )

Texas Instruments C2000s Family

E‘Uﬁ 3-8 93UUAIUANIAT DC-DC Boost Converter

J¥UUAIUANI395 DAB DC-DC Converter vimiiinantunismivnuussiuliinues
wusme3 Vy, Tiiduluussiuiunne3siedadiliainszsuuaiununssisawunnes (Battery
Management) #383guUAIUANLIIAULNHUAUNYAFRE3IN (Voltage Controller) Mn#3

s a4 A o Y = 1 4 Y D2 s -
AIUANNITYITALUANDT MIBsIAIUANLSIRUlNTIadeswdsnulvdinsyse vTeme
Usgalnliinazdanaliidaaiuguuuy Pl adenssuasnedsveamtauuadliiiininabgs iy
gonin wagluduveanmsauaunssuanivaiundendasiiihaudgeasgnatunumes
AIuANKUY Pl dielniinsuainnainainiuisinssiunivaudsiunegadududygin

PWM fagufi 3-9
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W= | =5 Vpl ] i"i le | = OV,
S_ﬂ §2J|_ Ni N §'1_“;& §'2_|

Isolation
amplifier£
— — e = e e e e e ——

ip TMS320F280049C #2 |

- Voref |pref

Vp BMS

Pl > PWM —

\
g“dﬁ 3-9 98UUMIVALINRT Dual Active Bridge DC-DC Converter

(%

Foueunas PWM 21058UUAIUANIEAIUANEIRTNAILLINTUTAIVsaedlv
asrauseiiulniguaauamaen V, way Vg deegdlulmumuiiauumee’ V, duuiiadmds
fu Vg g s faguit 3-10 wazidleedlulvunfianfaunummes v, Syuiladmdsiu V,
Huan 5 H93U 3-11 FauanaguaAuLIIfuLAENTEUAY9995 DAB Liednsnsueneuseiy
deuides d >1 laeRdasveisussiuiisuidssainsadouldfaunisi (5) uaganunsa
maidsliih Py anuunmeiilvaludsdalninssuansaewinnannsamildanaunis

a A & a a ¢
7 (6) lne? =0, =2rf, waz fg, Durrudaing

v
d=-2 (5)
VO
2
P, = ﬁa(l—éj ©
Ogy Ly T
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3.3 N1591889M9¥9UTBIRTBUNBI e IuTaaLUUTeudaszULATst g WA lag
14TUsunsu MATLAB/Simulink
nssiaeamITeIuTenTBuneinefelusuns MATLAB/Simulink Hludau
yosmafndsazgninaedlunuuszuunadelies drunamunuvesdunedinefgndtasdy
gﬂLLUUé’zgfgmhjﬁiaLﬁaq (Discrete time) #14

Ut 3-12 warlunafidsluuuudassildinaifivdufunudresagdadudiluly
wuirasufiefnuinansuausslunsieidsinineieindnsiwasuaseauseiuluihi
wrotmegslsridnunisdasuniaussiulwituilofinsufummadlnihiunamann
fdunosnes uarnaasulaiivsnwnisiauilosgaeliannsilaseineidufiuaudigs
Weak grid) 1a g A aw 1578 1tmoslunisdiaeaad g

AN 1

Discrete-time Control System |

Grid-connected Inverter Measurement

U 3-12 wuudnaesdunesineslu MATLAB/Simulink
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WIARDS YUIA
Boost Input Capacitor Cpvi and Cpyv2 75 uF
Boost Inductor Lg1 and Laz 2 mH
DC bus Capacitor Cp 585 uF
Inverter side inductor L1 800 pH
Grid side inductor L2 400 pH
Grid filter capacitor Ct 2 uF
Grid Inductance 1.7 mH
Grid Resistance 0.64 Q
Full Bridge DC-AC Inverter Switching Frequency 20 kHz
DC-DC Boost Converter Switching Frequency 20 kHz
Sampling Frequency 20 kHz
600" ' ' —Vpcc/5
400 4

171

AR

-200
-400 - | | | I I I ]
T T T T T T
20+ v
of
-2o'r .
| | Y ) | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.!
Time(s)

gﬂﬁ 3-13 n9LEAIN1IYINIUTOe Full Bridge DC-AC Inverter Tu MATLAB/Simulink
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gﬂﬁ 3-13uaRA9N15YN9IUVDITTUUAIUALINAS Full Bridge DC-AC Inverter Inglutas
usnussFulnAg DC bus TwifuussfuarfiavesszuuiiieduesinesSudoudossuy
AIUANIEAUANLIIAUT DC bus Tldviify 400 V wag TuAundin 0.04 Tnsdenseuasnads
Winffu 7.6A 192993 DC-DC Boost converter fafi1 ndaaintuluiuiiifl 0.1 2995 Boost
converter a7l 2 azgndsustunszLadadarindy 7.6A Wieliiaidsluiiewinaves
Sunedinesiviiiu 5 kw lnedusznouddsdinaiiiy 1 uazgndsannszuadaddlua
0.2 oz 0.3 MudIdy Feannsodunafuninfintuvosussiulniniigadosuumei
Funesimesiinisaneiadlnih Tusud 3-14 uansgurduusssuliindumasieudiasiudud
wauguagnseualiiiveduneiwesvardemadiindidssuulassieniglinisdiaes
TasshefBufinnudgelagazifiunszuavesdunefinesiiluaniou L lududin uaznszuad

lnadssuulassiedioniu Llududdy uazliouSudiusenaumasvesduiasines

Wiy 0.95 Aglinanagui 3-15
. —V‘gmd-‘ﬁ
—I(L1)
60 - —lgrid ||

40| =

-60 [~ m

| | | | | 1 | |
0.176 0.178 0.18 0.182 0.184 0.186 0.188 0.19 0.192 0.194

LY [

JUN 3-14 sUpduusaiukaznszualiiveduesnesiiiafidLeving 5 kw dilsenay

[

ANSNNAU 1
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—Vgrid/5
— (L1

60 Igrid

40

'lA*M"ﬂ'g'w'ww’*’*‘ww

‘HHW i

‘|HW\wM"wmw'mwﬂwww
[

20

“ﬁ\'/ﬁ(
NHM\
My

0
-20
-40
-60
| | | | |
0.195 0.2 0.205 0.21 0.215 0.22 0.225
Time(s)

JUN 3-15 gUpduusaiukaznszualiiveduesnesiuTumusenaumas 0.95

Y

100 [~
—Vpce/5

80 I(L1)

\ | \ | \ | \ | \
0.216 0.218 0.22 0.222 0.224 0.226 0.228 0.23 0.232 0.234
Time(s)

[

U 3-16 guaduusaiuliihnyadeTinvesduesinesiiidadduering 5 kW dilszneu

Y 9

ANRNAY 1
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100

Vpee/S
1{L1)
80 | Igrid

-80

0.195 0.2 0.205 0.21 0.215 0.22 0.225 0.23 0.235
Time(s)

JUN 3-17 gUpdulsiunyasesiLaznszualiiiilednsuawesiiuseneuigsi 0.95

Y 9

Tuguhn 3-16 uansguaduussruliihnaasesiuiedinisdremasluiiida 5 kw

wazilladn1syawediUsenouf1aedl 0.95 Aegufl 3-17 Faazaruisadanaiulddnda

7 ]

wsaulningase ausuiidy gy uanudgelueglusuaduusadulni Wesuiusy
3-14 waz3un 3-15 Mlumsiadyarnuswiuliihiyerenounssiiuyaduiivaudvosans

a3

3.4 N1591299N19911971UVBI2995 Dual Active Bridge DC-DC Converter Taglglusunsy
MATLAB/Simulink

N1591889N15711971UVO92935 Dual Active Bridge DC-DC Converter Taglglusunsy
MATLAB/Simulink 2g g n §1aeslaeldinsoedla Toolbox ¥o Simscape Electrical R
Usgnausmemsieuvadwihauias damienidalvauuuuen seawln le3 0 uazdaia
FryuauauaIndiianisaIvanssuule gnusenauiuaens Dual Active Bridge Tudau

19INIANGINATIAY Simscape Electrical wagdrasdyyiunivquaindazvinauly

sruUnAseLlewiuaagU 3-18

a

laelun1591899n15911974092995LURUgUNH (Primary) agsiaiinAulunakunnes

Y

'
Y v 1

wazludiulsasilayfienil (Secondary) #38R4 DC bus WuazgNABUAULMAIIEULUULIINY

WUUASTIN 4001386 tiednaedliiaiionuinans DC-AC Inverter Aaaguavzgnusuyumlaves
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wsaulagNsAuAundyIaunIvALaiadiiiolminnsivaveitaslinseninedaunseiu

wUMLMBILazUalwmnse (DC bus) F9TAMISITMDSIUNITINABININNGTIN 2

M50 2 A esildlunissiass DAB DC-DC Converter e MATLAB/Simulink

WIANDS YUA
DAB input capacitor Cy 9900 uF
DAB output capacitor Cz 600 pF
Auxiliary leakage Inductance Lk 235 uH
High frequency transformer ratio (Vin/Vo) 1:8
Battery voltage a8 v
DC bus voltage 400 v
DAB switching frequency 20 kHz

Measurement

Phase Shift Control Signal

el

vvvvv

EEHEE
L]
(2
[]

=
@

Battery Side (Primary)

’g‘dﬂ 3-18 WUUY1a09 Dual Active Bridge DC-DC Converter Tu MATLAB/Simulink
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v
Y

ANSNAABINITVNNUILAIAILTIA UL NI VDI UAMBIINAY 48V hazwsinulninAva

[
v

Trlnsauindu 400V A1ntuaeyiN1sUTULINAL TR UTENINLeINAYE9 T 1A UTATanY

Ugugiiuagauniggllviyuwlamindu 0 91nduaan 0.1 Jurdivinnisysuyanaves

9

wsssulih i 18 sem wislvmasliihan daluessivadiguunined 1kw wagusu

a

YA -18 afilvian 0.2 Jundl eldiasiiilynaidnang dalvnsen 1kw degy

3-19

=+ Full-Bridge Terminal Voltage —

_ Transformer Current

0 — i i i

Z.Z:Battery Current

005 3] 018 02 025 03

g“dﬂ' 3-19 N51MUaAIN15Y1UYBY DAB DC-DC Converter Tu MATLAB/Simulink

- |

- :
Full-Bridge Terminal Voltage

| |
i —DC bus sidef]
i —Battery side

5001— . ! . .

|
I -
|
of— f f f ! [ —
» Transformer/Current | .‘ . f \ | —Ip
| | | ; | | [
|
|
d {

U7

3-20 wsssuuaznszlalninvesisas DAB DC-DC Converter lulnunn3auseq
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Fa9ngUN 3-20 aziiiudflioyug & vewussiunasendouuaills DC bus W

Hawunmesdeilmianisangloumasluinen DC bus naiinguusmeinseviaululug

Y159UTEUANDT Tunansatutiudsgun 3-21 Weauanlvusaduiyasensowaslnii

q

AnudgeRanuamesumtdalin s eiimasnilvangUalnssdsaunsadanala

Y

PNAANIVBINTLUALUALADS

—DC bus side

Full-Bridge|Terminal Voltage i — Battery side
_.i l—

IpH

= "Transformer Current :
" — IS

_+ -Battery Current —Ibatt] |

JUN 3-21u5eunaznseualnilvesians DAB DC-DC Converter lulviunaeuseq

3.5 N1599NKUUIATAIANIAIVDI5ZUUNANTNHY 1 iladnuunausdatioufassuy
Tassunglnin

1995lgusnduiesinesusenounie 3 d@ulaun 19950189984 Full bridge DC-
AC Inverter 193501AN89Y89 DC-DC Boost Converter S2UUATUAN 1995A1ANIHIYBY

Dual Active Bridge DC-DC Converter LLaszUﬂ%Uﬂuﬁagﬂﬁ 3-22

luauideldIdeiienld393s Full Bridge DC-AC Inverter Toivinuiinfiudaslily
nszans1a1n DC bus Imdulndnszuaadulneldieasnsesaruddivie LCL iWoln

& ~ I o PyY) Ao ) a &
gunsalveneasnIasdivwaen Wesngidueenuuuiinnwsenulnidunnainuudeans
AR MANNNALSIFUAINIILSIAULNANA DC Bus wazluaiudaasnistyniaslninaiuisalva
nuntleasiganiings DC Bus linnadgidaionldiaas DC-DC Boost Converter Tunns
Wawsanulniinszuansanunddeaisiwadlvinssualufinluaiing DC Bus Nlsedy

1
v oAl v O [

wseiulingandt warludiuvesismamadsiseduuuawmessiudnduliasaiunse
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(%
Y

sesfunisinanuvesindaluinliaemiadniisdaldnsdiuussiulninfuuameifu
u5sfulyl#infl DC Bus g92995 Bidirectional Buck-Boost DC-DC Converter 3slsiivangiiaz
tuldluauided wagdsfasnspuandinisuennimvoundsdeimnadudunauas
L wmaLieAuUasnselunisldiuiadeni®asas Dual Active Bridge DC-DC Converter
Tnsfiaindansieiniitegluisesniaidsisududeadenliiififaussdulifinfigs
a3nTU997995 Full Bridge DC-AC Inverter, DC-DC Boost Converter ke Dual Active
Bridge DC-DC Converter finufisiadiu DC Bus fAdazidenldaindansisfinviia IGBT
(Insulated Gate Bipolar Transiston)@sdimnumsnzasdmiussuuiidlussiulnings wazdiu
4992995 Dual Active Bridge DC-DC Converter snufisiafununna3gsiffauseiulniingisn
winszualninfiganiniadenldaindarsnafaiiviia MOSFET (Metal-Oxide

Semiconductor Field Effect Transistor) %qa'awaiﬁa::wﬁﬁwaqqﬁytﬁdudamaa Switching

loss Nenad

Degp1,,
Ll

itg1 Lpg Djl
—>— Pt

VPV]¢ ECPVITE }DBFl

DBPZN
Lql

B2 Lgy

Dg>

Cpval D
o-Pv2 B;'L/‘} BF2

U7 3-22 vdenlaezunsuszuundntnin 1 iadensoszuulasadneliiiuuunay



a3

M5 3 MenseunsaldmTvyasunuuluielfuRnsvesssuunanlni 1 iadeuse

syuulassglniuuuneu

s18n159UNI8l YA
Boost Input Capacitor Cpvi and Cpv2 75 pF
Boost Inductor Le1 and La2 2 mH
Boost Diode Dg1 and Dg2 600V 60A
IGBT Tg1, Tezand T1—Ta 650V 80A
DC bus Capacitor Cp 585 pF
Inverter side inductor L1 850 pH
Grid side inductor L» 400 uH
Grid capacitor Cs 2 uF
DAB Input Capacitor Cy 9900 uF
MOSFET S1-Sa4 100V 120A
IGBT S'1- S'4 650V 80A

n1seenuuukarassimdetiuasndawdadlniiaiudamsu DC-DC Boost
Converter, LCL Filter wag Dual Active Bridge DC-DC Converter ﬁugﬂaammuﬁ’m%%mi
%1 Geometrical Constant (Kg) [16] lngfiagAruA1Asf Kg nasluinneuainiui el
1 a Al = 1 [ 4 19 1 a
AR Ke AlalUidanauinvesunuutimaniuangauiuainei Keg el

M5 4 AnsEnesveadenUastninauias

W153Lnas YU

Battery voltage 38V - 60V
DC bus voltage 400 VvV
Dual Active Bridge Switching Frequency 20 kHz
Power loss at Rated Power 3 kW 16.5W
Total rms current 158 A
Maximum Flux density 0.25T
Primary Turn 4
Secondary Turn 32
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gﬂﬁ 3-23 ‘Viﬁ@LLU@QIWﬂ’]ﬂ’J’]@Jﬁﬁj\‘iﬁ’m%}U’Nf\]i DAB DC-DC Converter

a1

Mnn1seaniuuldelmdenldununiioudasiuy EE65 F1uiuasigilan Kg vaduny

nilawdasiiu 0.1724 wagvihnisiaAnnignivemowlasnudglanannsnd 5

M3NN 5 nanIedsuAANImtgnivemisuUanINngs

w1518Lnas Primary side Secondary side
Magnetizing inductance (Open circuit) 302.4 uH 19.17 mH
Total leakage inductance (Short circuit) 0.72 uH 60.37 uH

Y

NHANITATUIUNITNNIUVD 99T Dual Active Bridge DC-DC Converter fiodliisa

(% ' '
v v = Y 1w =t o a

wilgnihFvaneauniend 296.3 pH fatuisesadiniisdduiunissnuyiegdl 8n
235 uH wieliraTinAaumileniialnawiiiu 296.3 pH §idedslaeenwuuduniei

EATN5ANaN DR UlaeERN gL UGNATeYwUY ETDA9
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dloa%ansasdunuy Full Bridge DC-AC Inverter DC-DC Boost Converter Lagi993

Dual Active Bridge DC-DC Converter Lﬁ%ﬂéuﬁqlﬁwaﬁqgﬂﬁ 3-24 LLangﬁ 3-25

=b

U7 3-24 21995AULUU Full Bridge DC-AC Inverter waig DC-DC Boost Converter

EaNl
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NAADULASNANIINAADN

Tuswideiinismeaeulavindunesnesiusenouiaiawdifniguil 4-3 agnsie

Y

[

Swiudufiunudvsdlasatnesiassiesuil 4-2 uas edesiiofldlunismaaoundndell
1) Regenerative grid Simulator (Chroma 61860 60 kVA)
2) PV Simulator (Chroma 6150H-1000S 1000V 15A)
3) Regenerative Battery Pack Test System (Chroma 17020)

4) Digital power meter (Yokogawa WT333E)

5) Digital Storage Oscilloscope (Keysight InfiniiVision DSOX3014A)

JUN 4-1 szuuveaeulauinduliesines

' i

FRUNLAUTYDILATIVI8T1a090 AN SAIHN Ao AAINAIUNIUSIN(RG)
WU 0.64Q, ArANUwteu1TIu(Le) Windu 1.749mH Fevilsanduiiuauguaslasaang

1a99UHANVINAY 0.64 + j0.55Q NiA11LE 50Hz FeA1dufinaudIanstiaAsuvnivane

d911A 95 sq.mm. g1UTZIN 2 Alaluas
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JUN 4-2 Bufiuauduatlasaingdiaed

4.1 nSAIANE

ada v PN ! | ! a
N13INAFRUITN13AIUANLIIAULNAIFAADIIN (Vo JREnaaaulaunsaalauin

a s s v o = Y o = =% ¥  a A a s s
aunaiLC‘]aﬁWULLUUWQEUW 4-3 quiﬂﬁﬂﬁi"lﬂﬂﬂgﬂ‘ﬂ 4-4 ‘Uﬂﬂqu@uwm%aﬂlﬁUﬁﬂaunailﬁ]aiﬂ3

U

gnsiane Solar Array Simulator 1ednaeeRMANYNEUBTaRLA NSNS AAN Yol

V- Curve fanunuueuliivasunaisesninanisnagay wagssuennvesdunesinesas

Yt 1 6

gnivaynsufuyainassdufinaudvedlasaieelsdaduiunudgs(Weak grid) Sy
uidsieussiuliiinssuaaduain Grid-Simulator lunismaaasléadn Grid Simulator 14
Srassussulninnszuaadusuaduledvunaussduluii 230V ielfiadoudussiuuseiu
10358UUIMIIe0InN s Aenlinia Tudiuves Solar Array Simulator S1aesliidy

waangliinszuansausuluiinnsdl 330 V uas Dual Active Bridee DC-DC Converter

1 1 o A

AULDWINAAZABTINAUN DC Bus drun1udunnsdaniuin3eddnass Battery Simulator ka7

v = 14

USusauussiuwunneslin 52 V deyanialiianuaaggnduiinaie Digital Power

Ly

Meter (Yokogawa WT333E) n°) 2 3u19 uagld Oscilloscope Lﬁa@LLazuuﬁﬂiﬂﬂﬁuﬁum

Y

lausnduiasines
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POWER INDUCTORS

- « EMI
\

-FILTER

i~

JUN 4-3 dunuuszuundaliii 1 uaweusiesyuulaseingluiiuuunay

Dep1
Lal

itgr Lg %1
— —H Pl
}DBFl

DBpZN
L)

B2 Lgy

De>
I_O_H !

VPV2¢ ECWZTBQ'I:} Dgr2

| CA_ CB+

U 4-4 Tas9a3195suundnlnin 1 wakuunauNfena@ausiuiuduikauglassingdnasy
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Inglunisnageunuuliinisaivauussdulifinngasesiy naaeunlunisany

o w ¥

mdalnihasadngssuuniiaduiiunudiaeudiege (Weak grid) Inefiiumaslninaninle

a o o

13aA18NA18IATIANTUNAINAIYTTNITAIVANNTELAVDII9T Boost Converter JULAA

a 1 1 a [y o w

WS UNINRDIIUAY 1.09 pu 30 239.8 Vrms wazassnuisyaumasliiiasmdunan

9

) 1 [}

45 U9 wavaan1dsliiranieonnisiuisusuatvessenuiynsesiuTeuiisuiu

3

AMaalniness

N13NAAULUUAIUANLIITU LTI NIYRseT I naaaumen1sTemalniasadng

9 Y

SrUUNIANBuLAUDNg (Weak grid) lagiiiuridslniiannlvlalianidnmeisnsaiuny

'
= 1 |

NIZLATO92995 Boost Converter AULAALIIAUNAFDIILAY 1.09 pu Famnindaninuanis

q

WeudasruulaTatievesmsiiieginian 1.1 pu MnduvinsuSumfmusenauias

a a 3

dielidilausadunesmesinnisganiuidalniidunamiiiedunanisiasunuasues

I 1 1

ussfuRyafoTLaziilofUszneuidsialndniai 0.95 audefmunvenisliiinge
piinaudrwinisisidsliiannlilahanidnlumnsauunneifenisniuauisn DAB
DC-DC Converter kagdunamsiUdsuulaswasusasuaunssiaidsliiiivfadwunne’
89 1kw LLazmﬂLLiqﬁuM\Iﬂﬂﬁﬁ;maimﬁqiﬂﬁ?’m’hmﬁﬁmumﬁ 1.09 pu Aagyinisanids
wananlnlalanidnaiienrunuussiuiigaretiueglutisiidvualiduanduidonis

NaanIdnly

4.2 nagaunsauauusIRuliiAudeszuuraaluil 1 wawuuksiiRaunty §ae
yamagauiialuiesfians
Tusdeiifunismasounisdremasinihesadngszuulnsnefideraufudufivoud
1539918918999U9 0.64 + j0.55 Q fiRud 50Hz fredusuulausadunesinesils
i
4.2.1 Lifin13AUANL I

n1snAaauulidiinIsAIvANLIIAUNYATaNAalAEYIIN15LTB UMD

a a 3

dueiwesnuszuulaTui YRS AUBNiLAugYadlaTIttedIaes N LI emas Wi

o w

Fagsrvuiinisiaussdulnfinngadesin dvdelniliase dde Digital Power meter
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Yokogawa WT333E uazinjupauussnuuaznszualniinfiyaeusie Oscilloscope 1ina
AanansiolUl

1.14 —T
—— Voltage limit

11 - \/pcc without voltage compensator

N e e

1.08

1.06

Point of Common Couple Voltage
[pu]

1.04
0 20 40 60 80 100 120

Time [s]

JUT 4-5 usssiulniihigedesan (Lidinsmuauusaulng)

4.00 Output Power without
3.50 voltage compensator

3.00
2.50
2.00
1.50
1.00
0.50
0.00

-0.50
0 20 40 60 80 100 120

Time [s]

Power [kW]

JUN 4-6 masliihasa(ladinmsaiunuussaulngi)

Y

a U PN 1 !
ﬁ]’]ﬂNaﬂ?i%@ﬁ@\‘iLL‘U‘UlﬂJﬂJﬂqﬁﬂ’J‘UﬂuLL?QG’IUIW‘WTVI‘\!@@@TJNQWﬂ

SUT 4-5 ua

Y

JUN d-6aziiuindonasinihnanedngsyuulassnewingu 2.92 kw ussiiulniniigase

9

SIALTUN 1.102 pu %38 242.51 Vrms FegaiuseauksInunuIngIzIunIseusassuy

lassnglamnualing wazidloduiesinesinemaalnindidssuuil 3.5kW userunynse
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$90g909 1.113 pu %39 245 Vrms  wazau1sagiuadulseiu nszualiinnganesiy

wseruliiil DC bus wagnseualnindunaliaingui 4-7

504 3014, MYSEZTER0 Mon May 02 01 14:45 2022
1 200V/ 10.04/ 20,04/ 20,0V

Vpcc(200VIDIV)

_ ﬂ\/

Channals
OC BW 100: 1

Measurements

AC RM 1]

Ipv(10A/DI1V)

JUT 4-7 sUmduussiusaznszualnihnyasesin(ldiinsmuauusasului)

Y 9

Total Harmonic Distortion %

N
ol

Total Harmonic Distortion

= N
ol o

THDiI [%]
=
o

0 20 40 60 80 100 120
Time [s]

JUN 4-8 nyminasiuanuiiaiiguvainseiavesssuundnlnin(ladinismivaunssiuliii)

1NNIIMNATINANUAAHEUVBINTERAVDITEUUNAR LT 1 Ilawuunas JUN 4-8

YULVUN 3.5kW TeAnasiuanuRaieureInseavintu 1.64 Wosidus
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4.2.2 fiNSAIUANLIINU

= P i

N13NABIUUINITATUALLIIAUTIIAADIIN 1 odUIBTINDSITaNsaNY

lassneudragyinisieidalninasadigseuulaenisusunsenasnadaves DC-DC Boost

converter LiioAIUANMAI TN NInaIIE ssUUIUNTENIUTIFUNARDIINGWURS 1.09 pu

= & LY LY

Fudusziuusaiuiidesnsiiszuuaiuauussnurineu fmuvauiazdenisliiinisgandu
mMasiIunnnaunsealssulniranasunminit 1.09 pu. WAMINTTUUAIUANLTIAU
USUMIUTENOUAISIU9DULID5ABSAILAUNITDAINUANISITBUADTEUUIN MU kALl
o a o o o VY o o av v a |
a1u150anLIWUTRAdaTINANLaRIAUANAEdIN s NasuN laanHlalaanBnuUs
LUg1sauuntmeslagnIuAn?aeas Dual Active Bridge DC-DC converter Wag#1n3395 DAB
DC-DC converter fanaaulug15auunmoIauhuiinuesiignsi 1 kW udiussiuniyase

Judalianaundininnimualissuumunudnddlvaamddnindalaaninlalian

SnasfusgannenmulnayIsnnsvinanufssun 3-6

1.14
> —— Voltage limit
[
= —Vpcc with voltage compensator
S 112
2
o
é 1.1
s E /\w
o =
IS 1.08
IS
(@}
O
S 1.06
<
S
o 1.04

0 20 40 60 80 100 120

Time [s]

JUN 4-9 userulihigesiesin (@nsaiuauusasiv)
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3.80
3.30
2.80
2.30
1.80
1.30
0.80
0.30
-0.20
-0.70

-1.20
0 20 40 60 80 100 120

Time [s]

—— Active Power
- Reactive Power

Power [kKW,kVar]

]
o w

JUN 4-10 maalniinasauaziaslnindunnn @nisaavauussiulngi)

1.05

Power Factor

0.9: N /

0.9

0.85

Power Factor

0.8

0.75

0.7
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Time [s]

JUT 4-11 ddsnaumaaliih @n1sauauusatulng)
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Inverter Output Power

3.80
—— Photovoltaic Power
280 Battery Power
2
= 1.80
o
3
g 0.80
-0.20
-1.20
0 20 40 60 80 100 120
Time [s]

U7l 4-12 idalwiigon

=

PNNANITNAABIRIFUN 4-9 aziiiulitndusaiulniinigasesiugnaiuay
TidAlaiiAY 1.09 pu BuAewAda3unin 20 Tngszuuisuiimsgandumaslnindunanu
Tug93uiin 32 azdiuldussuliilineaaiussauiivuaianlegusznauiunanis
Fardausznaumaeagun 4-11 uansiiiuiinisganduiadliidunniniiissognasien
Lieananazprvauwsaiulnfinfigasesiy antudledunaseauwssiuluiluiunin 4o
tuussiuliisuregqanadiotainszuuisudnisuusmaslnilussanunnesdungla

- °o w a o = a =

13U 4-14 nsriaelnfinvesunineIaunseNwIai 44 3u1911995 DAB DC-DC
converter ladardaluilnann DC Bus 1 lU5auunme3Iaudufiinuesansi 1 kw udaf
anunsauaulsssulniliindnssaunivuale

TN 62 sxdunaiuusaiulniisursefimsivgauioningidela
Anualidnaeviwunmesfiuszglnaiiu #22995 DAB DC-DC converter sanfaslning

6 ¥ ldl ! Y o L2 U o 1 l&l U ldl ! 1 =

st muameIasdralimatiiinlnaludessuudmiheiiusazussiulnihiyasesiuds

1%

g99uAHUNTENILWIUN 70 TEUUAIUANLTIURSATITINRS DC-DC Boost converter an

'
[ v
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Abstract

The voltage control strategy for single phase hybrid inverter is
introduced in this paper, aiming to improve the voltage level in low
voltage distribution networks with photovoltaic (PV) and battery
cotmections. In addition, this control method can prevent both under-
and over-voltage problem. To prevent over-voltage during the high PV
generation, it can be done in two states: 1) absorbing reactive power and
2} active power curtzilment by charging the batiery. On the other hand,
the battery will support the active power injection to avoid the under-
voltage during the high demand. The voltage control performances are
demonstrated based on computer simulations on DIgSILENT

PowerFactory software. The results showed that the proposed voltage

control strategy is able to deal with the changes of voltage level at the
point of common coupling effectively, which it can avoid either under-
or over-voltage problems due to the increasing of PV generation and

load consumption for the whole day.

Keywords: Hybrid inverter, photovoltaic, battery, over-voltage control,

under-voltage control
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Voltage Level Control by Grid-tied Hybrid Photovoltaic and Battery
Controllers in Weak Distribution Networks with Electric Vehicles

Piyadanai Pachanapan”, Tanakorn Kaewchum and Sakda Somkun

Abstract—This paper presents the voltage level control in low voltage (LV) distribution networks using a grid-tied hybrid
inverter with voltage controller. The growth of photovoltaic (PV) and electric vehicle (EV) may introduce over-and under-
voltage issues in LV networks, respectively. To avoid these voltage concerns, the two-state voltage control method by
adjusting active power (P) and reactive power (Q) from grid-tied hybrid PV-battery system is introduced. The over-voltage
control is implemented by allowing the grid-tied hybrid PV-battery system to absorb Q and curtail P. On the other hand, the
P and Q of the grid-tied hybrid PV-battery system must be increased to provide under-voltage control. Furthermore, the P
output is adjusted by enabling the battery to charge/discharge the electricity while the power fuctory limitation is considered.
The proposed P(V) and Q(V) droop controls are examined in both over-and under-vollage scenarios by increasing PV
generalion and EV charging. The votlage control performances for short and long-term voltage variations are investigated
in DIgSILENT PowerFactory environment using RMS-transient and quasi-dynamic simulations. The resulls demonstrates
that the proposed grid-tied hybrid PV-battery system with votlage cotnroller successfully secures the voltage level within the

statutory limits. This provides benefits for boosting PV and EV hosting capacity in LV networks.

Keywords— Battery storage system, electric vehicle, over-voltage control, photovoltaic, under-voltage control.

1. INTRODUCTION

Since 2015, the number of residential photovoltaic (PV)
systems and electric vehicles (EVs) has expanded
substantially in the Greater Mekong Subregion (GMS)
[1], [2]. Despite the fact that the growth of PV and EVs
promotes the clean environment by reducing the fossil
fuel usage and carbon emissions, the high penetration of
PV and EVs may cause voltage problems in the low
voltage (LV) networks either over-voltage or under-
voltage issues, particular in rural areas with weak
distribution networks.

When solar irradiance is available, the PV system
generates electricity to be used in combination with the
utility's electricity. As a result, this support from PV
systems provides benefits in terms of lowering the
electricity bill and increasing the voltage level at the point
of common coupling (PCC). However, if aggregated
residential demand is relatively low during peak PV
generation periods, high PV system penetration can cause
an unacceptable voltage rise in LV networks [3]. Tt was
found that many distribution system operators (DSOs)
restrict the maximum PV installation per customer to
avoid over-voltage issues. Therefore, this is one of the
limitations of LV networks in terms of increasing PV
hosting capacity.

With the growing popularity of EVs in recent years, a
large-scale grid-connected charging of residential EVs
poses challenges for voltage and thermal management of
LV networks [4]. According to studies of residential EV
charging behavior in UK and US households, charging
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demand is low during the day, steadily increases in
evening, and remains high at night, both weekends and
weekdays 5], [6]. The study in the UK also found that the
transformers and line feeders in LV networks tend to have
thermal problems when EV penetrations are over 40%.
Moreover, some LV networks experience under-voltage,
particularly in the evening, when EV penetration is very
high (= 90 %) [7]. As a result, these voltage and thermal
constraints are two bottlenecks in the residential EV
expansion.

Many DNOs use grid reinforcement and automatic on-
load tap changing (OLTC) fitted transformers to maintain
the grid voltage within acceptable limits. Despite the fact
that grid reinforcement is effective and reduces line losses
in radial feeders, this solution is extremely costly [8].
Furthermore, OLTC fitted transformers are primarily
designed to handle slow voltage changes caused by load
variations. However, as the penetration of PV and EV
grows, voltage variability becomes much more severe,
requiring continuous tap changes, which increases
transformer tension [9].

The voltage control can be implemented locally
provided by PV and EV customers. The over-voltage
issues in LV networks can be reduced by applying the
active power (P) curtailment and reactive power (Q)
control into customer owned grid-tied PV inverters. The P
curtailments can be employed by many strategies [10],
such as trippmg PV system when over-voltage condition
is met; limiting maximum power; applying fixed
production based on available PV generation and adding
droop control where P is a function of voltage level
[P(¥)]. Moreover, the falling price of residential scale
battery energy storage (BES) is paving the way for a
future P curtailment, in which customers could locally
store excess power during high PV generation [11]. The
disadvantage of P curtailment i1s reducing feed-in active
power, which adversely affects the PV owner revenue.

The voltage level can be mitigated by drawing the Q
from the main grid into the PV inverters [12]-[14]. Two
main methods for @ control of PV inverters are the Q as a

1
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function of output P [Q(P)], and the O as a function of
voltage level [(X7)]. In addition, the amount of @
supported from PV inverters is normally limited by the
power factor restriction based on the Connection
Agreement. This limitation further declines the PV
inverters® voltage control ability. The major drawbacks of
using ¢ compensation are that 1) it requires higher current
flow on LV feeders, resulting in additional line losses and
distribution network congestion [15] and 2) it may put
more stress on PV inverters, reducing their lifetime [16].

The centralized control solution known as "the ESPRIT
technology" is employed in [4],[7] to manage the EV
charging points to prevent the consequences coming from
the booming of EVs. The selected EV charging points are
disconnected when a technical issue, voltage or thermal
problem, occurs in the L'V network. Those selected EV
charging points, on the other hand, are then reconnected
once the problem has been resolved. However, customers
may experience more and longer disconnections, which
increases the length of charging time, as EV adoption
SrOWS.

The charging load allocation strategy based on peak-to
valley Time-of-Use (TOU) price mechanism can be used
to solve the challenge of large-scale grid-connected EV
charging [17]. It is a demand side management technique
that encourages the car owners to plug-in their EVs more
frequently during the off-peak time period by offering a
lower tariff. This solution has the potential to reduce peak
demand, particularly in the evenings, resulting in
decreasing thermal and voltage issues in L'V networks.

A solar hybrid system which includes PV and BES can
be used for improving the voltage level in LV networks
with PV and EV connections. In addition, PV arrays and
battery in a small-scale solar hybrid system (kW range)
can be integrated with the main grid via a single-phase
grid-tied hybrid inverter. However, it was discovered that
small-scale grid-tied hybrid inverters on the present
market do not include the automatic Volt-Var control
function during on-grid operation, such as the product of
hybrid PV inverter in [18].

Contribution: This paper offers a voltage controller for
a single phase grid-tied hybrid inverter to avoid both over-
and under-voltage concerns in weak LV networks with
significant PV and EV penetration. The voltage level at
the PCC can be adjusted by exchanging P and O between
the grid-tied hybrid inverter and the main grid. To
mitigate over-voltage problems during the high PV
generation, it can be done in two states which are
1) Absorbing @ and 2) P curtailment by charging the
battery. On the other hand, rather of injecting O, the
battery will feed the P into the network to prevent the
under-voltage during the high demand from EV charging.
Moreover, the amount of P and @ from grid-tied hybrid
PV-battery system should be correctly adjusted to ensure
that the voltage level is always within the statutory limits,
while the power factor of grid-tied hybrid inverter is still
in the acceptable range.

The goal of this study is to demonstrate how the
suggested voltage control strategy performs, based on
computer sirmulations in DIgSILENT PowerFactory
environment. In addition, the case studies are explored in
two scenarios which are 1) short-term voltage changes (90
seconds timeframe) to examine the dynamic performance
of the proposed voltage controller, and 2) long-term
voltage changes (24-hour timefiame) to investigate the

voltage control performance throughout the day.

2. VOLTAGE CHANGESIN LV NETWORKS

In traditional LV distribution networks, without PV
systems, the power will flow in one direction, from the
distribution transformer to the custorners. However, the
power supplied by PV systems has an impact on the
network’s power flow direction and wvoltage level
Moreover, the heavy load consumption while charging an
EV also raises concern in terms of voltage drop.

@ T pyo TP @LJ’QL
19 el

Fig. 1. Simple radial distribution network with PV and EV

The change in voltage level when PV system and EV
are cormected to a certain location of a LV radial feeder,
as shown in Fig. 1, can be explained as follows.

Adopt from [19], the voltage drop (AF) along the
feeder, without PV system, can be written as:

AV:VX,VPCC:M I6)]
VPCC

P= P+ Fgy - Fey 2

O=Cr+Tgv — Crr (3

where ¥y is the voltage at the secondary side of
transformer. FPree is the voltage at the PCC. P and O:
represent the active and reactive powers consumed by the
household electricity load, respectively. The active and
reactive power consumptions of EV charging are denoted
by Pgrand Qzy, respectively. Pey and Qpy are active and
reactive powers supplied by PV system, respectively. R
and X are the resistance and the inductive reactance of the
circuit, respectively.

In per unit, the voltage at the PCC can be assumed as
1.0p.u, so (1) can be approximated as:

AV = (P1 + P, —PW)R+(QI +00 —QPV)X ()]
Over-voltage Issue in LYV Netwroks with PV

According to the study of EV charging behavior in [7],
most people charge their EVs at around 8 am. (before
work) or at around 6 p.m. (after work). As a consequence,
the influence of EV charging on voltage changes could be
ignored during peak PV generation at approximately
midday. Then (4) can be written as:

AV =(F - Py )R+, ~Qu ) X &)

The injection of apparent power from PV system can
decrease the terms (P-Ppp) and (G-Opy) resulting in a drop
in the value of A¥. The voltage on the PCC bus, Vpey, will
then be raised. Due to PV systems typically run at unity
power factor, with Ory equals to zero, the voltage change
is mostly caused by P injection from the PV system. If the
Pry exceeds the Py, the reverse power flow occurs causing
the voltage level to increase along the feeder.
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Under-voltage Issue in LV Netwroks with EV

It was found that the most frequent first charge time of
residental EVs started in the early morning or in the late
afternoon [7]. As a result, the effect of PV power on
voltage changes may be excluded. Furthermore, as
residential houses in many countries have the high
demand in the evening The additional power
consumption by EV charging can top up the peak,
resulting in a significant voltage drop particularly at the
end of feeder.

In a case of EV charging in the evening, (4) is thus
expressed as:

AV =(P+P )R+(0,+0, )X (6)

The active and reactive power consumptions of EV
charging can raise the terms (P+Pm) and (Q+Q=p)
increasing the value of AV while decreasing the value of
Vrce. Due to EV chargers normally operate at unity power
factor (Qzv is zero), the drop in voltage level is caused
mainly by the usage of Pgy when the EV is charging. If
the amount of Pgy is particularly high, it can increase the
value of voltage drop along the feeder, making the Vroc to
fall below the allowance value.

The voltage level in LV networks can be improved by
upgrading the feeder line with lower R and X. However,
this approach is expensive and must be implemented by
DNOs. Another way to mitigate over-voltage is to reduce
reverse power in the network which can be done by:
1) Curtailing the Pry; 2) Absorbing QOpp from the network
into the PV system and 3) Increasing the load demand
which can be achieved by charging either EV or BES
systern. Similarly, the under-voltage can be prevented by
1) Inyecting Q= into the network if PV power is available,
and 2) Lowering the load demand by enabling the BES to
discharge power for load compensation.

Estimate Voltage Changes by Voitage Sensitiviy Ratios

The voltage sensitivity to a change in either Por Q at a
PCC bus can be utilized to calculate the PCC voltage
deviation. Individual bus sensitivity is determined by the
network impedances, which are affected by line
parameters and network topology [20]. The inverse of the
power flow Jacobian, J, is used to calculate the sensitivity
ratios across the network. It was found that the voltage
magnitude and angle (7 and &) are state variables that
vary in response the changes of P and © at a specific bus.

From the Newton-Raphson power flow calculation, it
was found that:

AP —[J] As| JPIO5 BRIV | AS .
AQ| VAV | |epies apiav | AV 0
The sensitivity matrix in then written as:
Ad 1| AP 86/3P &6/30 || AP
SURME ®
AV AQ aViaP aviaQ || AQ
Based on Fig, 1, the deviation of voltage level at the
PCC, AVpce, from the changes of P and @ at the PCC,

which are AP and A(, respectively, can be calculated by
applying voltage sensitivity ratios (8F/aP and &V780) as:

AVpop =[8V /0P < AP+ [0V / 80]< AQ 9)

If the A¥pce is known, the 8F/8P and 87780 are used to
calculate the amount of P and @ required to support the
voltage control. In addition, the AP can be obtained by
curtailing PV power, charging EV and charging or
discharging BES. The AQ, on the other hand, can be
achieved by exchanging the  between the PV system and
the main grid via the grid-tied PV inverter.

Note that the positive sign means the power is injected
to the main grid, whilst the negative sign means the power
is absorbed from the main grid.

3. GRID-TIED HYBRID INVERTER

Fig. 2 (a) presents a single-phase grid-tied hybrid inverter
which is wildly used for small-scale hybrid PV — battery
systems which capacities less than 5 kW. The grid-
connected hybrid inverter, as shown in Fig. 2 (b), is
typically based on voltage source converter that comprises
of two DC/DC converters cascading with a DC/AC
inverter. A PV panel - side DC/DC converter calculates
the maximum power from the solar irradiance using the
maximum power point tracking (MPPT) algorithm,
whereas a bi-directional DC/DC converter is connected
with battery to support charging/discharging energy
storage control.

2555e,
=25
it
'g_:: e
Rod
g
3

—t

PV panels Utility

0 \/7
Battery = E‘ AC Loads

(a) Typical hybrid PV-battery structure

Py = Py

Pgub AV
Grid-tied Hybrid Inverter Load

(b) Block diagram of grid-tired hybrid inverter
Fig. 2. Grid-tied hybrid PV-battery system.

This grid-tied hybrid inverter can work both on-and off-
the grid. During grid-connected operation, it acts as the
erid following inverter, whilst during main grid failure, it
operates as the grid forming inverter to maintain stable
voltage and frequency. The grid-side DC/AC inverter
converts DC power from PV or battery to AC power
while synchronizing with the distribution system via grid
interface control. Apart from supplying power into the
network, the grid-side DC/AC inverter may take power
from the main grid and use it to charge the battery when
the PV is unavailable.
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Fig. 3 P(¥) and Q(¥) controls of grid-tied hybrid inverter and battery

It was found that most residential hybrid PV-battery
systems use the single phase grid-tied inverters, which
generally operate in MPPT mode with a constant power
factor (normally at the unity power factor, O = 0) and are
unable to offer the P and Q supports to deal with the
voltage changes in the LV networks. When the PCC
voltage is either higher or lower than permissible values,
the grid-tied hybrid inverter is typically disconnected
from the main grid by its voltage protective device,
resulting in a loss of energy supplied by PV or battery.

The battery-side DC/DC converter does not charge or
discharge the battery when the level of state of charge
(SoC) is between the minimum limit (SoC,;,) and the
maximum limit (SoC,.). Furthermore, the small-scale
hybrid inverter will automatically charge the battery only
when SoC is lower than SoC,.,, or at a specified time 1f
the duration is pre-set.

4. VOLTAGE CONTROL STRATEGY
P(V) and Q(V) droop controls

Droop control techniques are applied in this work to
adjust active and reactive powers of grid-tied hybrid
inverter, which are Py and Opena respectively, for
voltage control at the PCC. It begins to provide voltage
control when the level of PCC voltage exceeds the upper
limit (F,p..) or falls below the lower limit (,...). Fig. 3
{a) and (b) show the relationship between the grid-tied
hybrid inverter’s outputs, Prypns and Qpseee, and the PCC
voltage level, Vpce.

Due to grid-tied hybrid inverters normally feed PV
power at the maximum power point (Per = Pyeer), the
change of active power output is performed by adjusting
the battery power, Prarr, as can be written as:

Priybria = Fpy + Paarr (10)

The P(F) control capability depends on the battery’s
charging/discharging capacity, while the change of Qs
for supporting voltage control is restricted by the hybrid
inverter's power factor himit, PFrens. The maximum
allowable reactive power, Q7 , . is calculated based on:

Ol = Prpana tan” (PFpgs0 ) an

In the absence of the sun (P15 0), the grnid-tied hybrid
inverter just controls the Prarr. to inject or absorb P, for
the voltage control without employing ¢ compensation
(Qepinais 0).

To mitigate the over-voltage, the grid-tied hybrid

inverter has to reduce P and absorb the Qgyera from
the main grid. As of (11}, the Pryenez can be decreased by
allowing the battery to charge the electricity (Prarr is
negative value). The quantity of Prarr and Qpsens is then
estimated using the droop control approaches, as follows:

I Vece = Fgper, then

Ve =V,

PEATT:’( F:‘Cprr) (12)
Vi =V

Orort :_% (13)

where Kr and K are the droop gains that can be applied
with /0P and oV/6Q, respectively.

On the other hand, the grid-tied hybrid inverter can
avoid the under-voltage by raising Prpnqa and injecting
Oryora Into the main grid. The battery’s discharging power
(Prarr 15 positive value) can raise the value of Pruna.
Hence, the amount of Prsrr and Qpeng for under-voltage
control 1s determined as follows:

If Vree < Vinder, then
Vi =V,
P :_%7“""") (14
P
Viee =V,
Qg =~ e Vo) e ) (15)
]

From (12) and (14), the change in Pz4rras a function of
Vree 1s presented in Fig 3 (c).

Two-state voltage control algorithm

The grid-tied hybrid PV-battery system begins to
provide voltage control when either Frce > Figper or
Vece < Vipaer. Moreover, the (0 support is only operated
when the PV power is available. The voltage control
strategy for preventing voltage problems can be divided
into two states, as follows;

State 01: The grid-tied hybrid inverter only supports
reactive power control, Qmerg, while the PV power is at
the MPPT mode. The value of OUrmena is calculated by
using (13) and (15). In this state, the battery is in the
standby mode, with no charge/discharge action, and
S0Cwin< SoC < S0Cua. The over- and under-voltage
control in state 01 is presented in Fig. 4 (a) and (b),
respectively.
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Fig. 5. Flow charts of over-and under-voltage control approaches.

State 02: The grid-side hybrid inverter provides the
reactive power support until the value of |Omena reaches

the power factor limit, Q;Z‘M . In this state, the PV is still

operating at the maximum power point. If Froo exceeds
Vigper, the value of Pryena is curtailed by letting PV power
to charge the battery through the battery-side DC/DC
converter. The battery can support the over-voltage
control until SoC = SoCumax. In contrast, if Free < Finder,
the battery raises the value of Prye.s by discharging power
into the main grid. The battery can associate the under-
voltage control until SoC < SoCp,. The over-and under-
voltage controls in state 02 are shown in Fig. 4 (c) and (d),
respectively. Moreover, the flow charts of proposed
voltage control strategy are demonstrated in Fig. 5

Modelling of grid-tied hybrid inverter with voltage
controller

The dynamic performances of purposed voltage control
strategy are observed based on RMS transient simulations
in DIgSILENT PoweirFactory environment. The grid-tied
hybrid PV-battery system is modeled as a static generator

[21], which behaves like a constant current source, as
illustrated in Fig. 6. The control scheme is based on
rotating reference frame (dy frame) with a phase lock loop
(PLL) used for grid synchronization. The real and
imaginary parts of grid-tied hybrid inverter’s current
OULPUL, Isbna, 15 calculated from:

Re [i,,,ym. (t)] =i, (1) -cosB(t) -1, . (t)-sin@(1)
Im [imm (I)] =iy (1)-sINA (1) 47, (1) -cos@(1)

where the 74, is from the active power (P) controller on

Veor .
rivbrid
W 1
. \
~ :> farey 1 Veor
= Taref ),‘
Prie ' FPrar /

Fig. 6. Model of grid-tied hybrid PV-battery system
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Fig. 9. Voltage control loop

the d-axis, while the 7, 1s from the reactive power (Q)
controller on the g-axis. 6 is the voltage angle of PCC bus
measured by the PLL [22].

The voltage controller structure of grid-tied hybrid
inverter is presented in Fig. 7. The inner control loop is
the PQ controller is, whereas the P(J) and Q(F)
controllers are the outer control loop for voltage control.
As illustrated in Fig. 8, the PQ controller consists of P
controller and Q controller. Tt 1s a close-loop controller
that adjusts the Pgsne and Ogene of grid-tied hybnd
inverter via the control of iy..rand i,,.: The error signals
in this control loop are compensated by using PI
controllers. Moreover, the limiter is introduce to ensure
that the grid-tied hybrid inverter delivers the apparent
power within its capacity.

Fig.9 depicts the voltage control loop to regulate the
values of P.sand Qs of PQ controller. Under normal
condition, there is no power supportting by the battery.
The P reference (P is defined by the PV power
delivered from the maximum power point tracker (MPPT)
operation. To maintain a unity power factor, the QO
reference (0, is set to zero.

When Fpoe exceeds or falls below the threshold values,
the battery will provide active power compensation to
support the voltage control. Theretore, the P.ris the sum
of Py and Pzarr. The Pgyrr is controlled by a PI controller
and has a charge/discharge power limit. Similarly, the Q,.r
1s controlled by a PI controller and is limited by the power
factor constraint as determined by (11). It can be observed
that if PV is not available (Pry = 0), the Q.. retumns to
zero and the voltage support is provided only by the
battery power adjustment in the P(F) controller.

The performance of a proposed two-state voltage
control of a grid-tied hybrid inverter, employing P(F) and
O(F) droop controls, will be investigated based on
computer simulations in the DIgSILENT PowerFactory
environment. A weak LV distribution network with high
PV generating and EV charging serves as the test system
Over- and under-voltage situations are created by raising
the PV output of the grid-tied hybrid PV-battery system

during the day and increasing EV charging during the
night, respectively. When the PCC voltage level is greater
or lower than the threshold values, the grid-tied hybrid
inverter with voltage controller will provide voltage
control. The values of supporting P and ¢ can be
estimated using voltage sensitivities at the PCC bus. In
addition, the case studies are investigated in two
timeframes: 1) short-term voltage changes to analyze the
proposed voltage controller's dynamic performance in
milliseconds, and 2) long-term voltage changes to
investigate the voltage control performance over a 24-
hour period.

5. TEST SYSTEM

The test system is a residential house, which consists of a
SkW/5kWh  hybrid PV-battery system and an EV,
connected at the end of a single-phase 220 V, 50 Hz radial
distribution line, as illustrated in Fig. 10. The system is
relatively weak due to the line impedance is quite high.
Assume the residential EV 1s a small battery-powered
type with the maximum demand of around 3 kW for slow
charging while the peak PV production is approximately
3 kW. Moreover, the voltage sensitivity ratios at the PCC
bus are oV/oP = 0.04 pu/kW and /60 = 0.037
p-u/kVar, correspondingly

Grid 5y pcc [kwlj‘
-

1 phase distribution line | . SkWP
| SkWh
.
iy,

Max. 3 KW; 12 hours to 100%

2.07 + J1.90 2

Fig. 10. Test system
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The range of acceptable voltage level defined by
Thailand Grid Code is between 0.9 p.u. and 1.1 p.u. [23].
Therefore, the grid-tied hybrid inverter will start the
voltage control when the PCC voltage level is above Fipp.:
of 1.09 p.u. and falls below Fiuz, of 0.91 pu. Under
normal condition, the grid-tied hybrid PV-battery operates
at the unity power factor (Qsysra = 0). On the other hand,
the grid-tied hybrid inverter can provide Volt-Var control
by varying the power factor between 0.9 leading and 0.9
lagging. Additionally, the () compensation is only enabled
when the PV generation is available.

At initial condition, the battery is in the standby mode
which the SoC is 30%. The percentages of SoCyn and
80C s are 20% and 100%, respectively. After the O of
grid-tied hybrid inverter hits the power factor limit of 0.9
or PV production is absent, the battery will start
supporting voltage control when the Fpee is more than
1.09 or less than 0.91. The change of battery power is
determined by the PCC voltage level while the
changing/discharging power is restricted by the size of
grid-tied hybrid inverter, which 1s 5 kW.

6. CASE STUDIES AND SIMULATION RESULTS

Increased PV generation and increased EV charging are
used to address over-and under-voltage issues in the test
system, respectively. In this study. the voltage control by
adjusting P and ( from gridtied hybrid PV-battery
system is exercised in two different scenarios, depending
on the duration of voltage changes, as followings:

Case 1) Short-term voltage variations
Case 2) Long-term voltage variations

Case 1 aims to demonstrate the dynamic performances
of the proposed voltage controller in Section 4 when
dealing with the fast voltage fluctuations, including both
under-and over-voltage issues. The total simulation time
is 90 seconds while the sampling time is 0.01 s. The
voltage control responds can be investigated using RMS-
transient simulations in DIgSILENT PewerFactory
environment. The change of battery SoC is not mentioned
in this scenario, due to the very short timeframe.

The objective of Case 2 is to explore how the two-state
voltage control strategy proposed in Section 4 is used to
handle over- and under-voltage changes throughout the
day. The measuring interval is 1 minute and the
monitoring period is 24 hours. In DIgSILENT
PowerFactory environment, the voltage management in
the weak LV network is tested for a full day using quasi-
dynamic simulations, which are time-sweep load flow
computations. In this scenario, the variations in battery
SoC are also illustrated.

Case 1) Short-term voltage variations

The rapid changes of PV production of grid-tied hybrid
PV-battery system and residential load consumption are
applied in this scenario, as shown in Fig. 11 (a). Within
10 seconds, PV power climbs from zero to 3 kW, while
load demand grows from 0.4 kW to 3.5 kW. The PV
generation is available for 45 seconds, whereas the
duration of load change is about 35 seconds. The load
starts to increase as the PV output decreases. Without the
voltage control, the results of RMS-transient simulations
in Fig. 11 (b) reveal that when the PV generation is large,

e e

X .

JAN i\
- |

(a) Load and PV generation profiles (kW)

\\  —

(b} The voltage level at the PCC (p.u.)

Fig. 11. Load profile, PV generation profile and voltage level
at the PCC, without voltage control in Case 1.
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T o = £ R —
(d) Battery power

Fig. 12. The changes of PCC voltage level, outputs of grid-
tied hybrid inverter and battery power, with voltage control
in Case 1.

the PCC voltage level surpasses the acceptable upper limit
(1.1 p.u) between t = 9 seconds and ¢ = 42 seconds. In
contrast, when the load demand is too high due to the
additional EV charging, the PCC voltage level drops
below the acceptable lower limit (0.9 p.u.) between
t=48.5 seconds and t = 72.5 seconds.

After applying voltage controller into the grid-tied

7



from battery charging is requested, as found in Fig. 14 (e).
The values of battery charging power and the Q supported
by grid-tied hybrid inverter are estimated by using (11) to
(14), which can maintain the power factor of grid-tied
hybrid inverter from falling below 0.9 (see Fig. 14 (d)).
The combination of P curtailment and @ absorption by
grid-tied hybrid inverter successfully prevents the over-
voltage problem until 15:28, when the level of battery’s
SoC reaches 96 %, as presented in Fig. 14 (f). Because the
degree of over-voltage after 15:30 is relatively low, only
© compensation is sufficient to support voltage control.
Since 16:00, the grid-tied hybrid PV-battery system has
stopped voltage control and the grid-tied hybrid inverter
resumes working at unity power factor with no P
reduction.

Since the EV starts charging power at 18:00 (see Fig.
13 (a)), the grid-tied hybrid PV-battery system will inject
P and Q to avoid the PCC voltage level from falling
below 0.9 p.u., as illustrated in Fig 14 (b) and (c).
Between 18:00 and 19:00, the P output of grid-tied hybrid
inverter is from the total amount of PV power and battery
power while the value of Q injection is rather small due to
the low PV production. After that, the sun has set, so the
voltage is controlled solely by the battery’s discharging
power of roughly 1.1 kW, as shown in Fig. 14 (e). The P
support provided by battery can prevent the under-voltage
successfully until the PCC voltage level is above the
threshold value (> 0.91 p.u), which occurs at 23:00.
Then, the voltage control is disable with no P and Q
supplied by grid-tied hybrid PV-battery system. From
Fig. 14 (f), it was found that for nearly 5 hours of
supporting under-voltage control, the level of battery’s
SoC significantly drops from 96 % to 24.4 %.

7. CONCLUSION

A voltage controller for a single phase grid-tied hybrid
inverter is introduced to avoid both over-and under-
voltage concerns in weak LV networks with significant
PV and EV penetration. The two-state voltage control
method of grid-tied hybrid inverter using P(¥) and Q(V)
droop controls is implemented for providing over-and
under-voltage controls. The PCC voltage level can be
controlled by exchanging P and Q between the grid-tied
hybrid PV-battery system and the main grid. The P output
can be adjusted via the battery’s charge/discharge while
the change of Q is restricted by the hybrid inverter’s
power factor limit. According to the simulation results,
the grid-tied hybrid PV-battery system with voltage
controller can effectively handle over- and under-voltage
issues, both short-and long term votlage changes, which
the PCC voltage level always stays within the statutory
limits. Since there are no voltage issues, it can increase
the hosting capacity of PV systems and EVs in LV
networks.
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