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Abstract

Development of energy management procedures for Smart Grid systems to reduce
the negative impact of massive PV systems interconnections. This research aims to develop
the Control Algorithm that controls the grid inverter to work as grid support functions to
maintain the voltage level of the distribution system into the acceptable range. The Smart
grid system will manage the battery storage system to charge and discharge follow the TOU
structure of electricity price. The results of the research on the development of the control
algorithm can be summarized as follows.

The results of this research in the case of supply side and energy storage
management, which enables grid inverter working for ¢rid support functions. This function
operates on adjustment the PF in range of 0.9 -1 leading and lageing depend on grid voltage
levels. Not only PF adjustment but also operate on the battery power management, during
this case, the system will charge electricity into the battery for balancing the supply and
demand. The simulation results found that durine the high amount of active power, which
is fed to the distribution system, during this case, grid voltaée is rising over than Thailand
standard but control algorithm, which was developed, can decrease the voltage level into
the desired range (0.94 p.u-1.10 p.u.).

The research results in demand- side management along with energy storage
(battery} systems, aiming at energy efficiency and reducing electricity bills. This study is
called Economic operation based on the TOU structure that consists of Peak and Off- Peak
time. During peak time, the electricity price is higher than Off-peak time. Therefore, the
control algorithm has to manage electricity for reducing the electricity bill by clipping power
consumption or load clipping by reducing unnecessary power consumption which is -

controlled by BEMS. As a result of the control algorithm controlling the devices in the Smart



Grid or Microgrid system, according to the function of Economic Operation, it is possible to

save electricity up to 17.58% without Changed the behavior of electricity use.
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nslrdupsanatl 2556 (2013) Awun Tnsazliudnwvisnus 5 Widewdn Ussneudie
1. HBINAISNN Active Power Control
2. HaInN139i1 Network Support (A variable reactive power depending on the
Voltage Q(U)
3. N8N Active Power Control
P u’: Qs W 2 5 o g
Fa919 3 ML ABIEINIIAAIUANIIN Central control MefUu manual uay wuu
. o o ar o 1 1 W oo 3 1
automatic tweRisevn1sinwaanwliiluszuudimiie uazmslifanisldauseisd
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msAnwuasiangUsuuunaumsasuauANufasmsms iR lulasedelwidaSes
(Demand side management)

[T 4 ﬂ.i’ [ 1S 12 e’ L4
vouwnaulumifeiiszinisfinwsduuuniseruguanusieansidwdanuluiily
1 14 & =Y L 1 1 CJ = -1 24
HEIWEREAMUABINITNNTIEINISE LashaIdIISRDUAUDIRDAN1IZANY & MARTuRUTZUY
o 1 & ) = ° ' o w =] voow ol
Fmndefiedisinuiatasnwasaumwldiluszuudiming Snisezdaadunislindsauid
Usravdnwggaanunsaanalgnenieimdssiulidininnsuinisinnswisanu wu nns
USmsdnnisaulsEnousng ¢« vesszuulsiiesdanadasiualWihungig Peak wag off Peak Tu
P = Y ¥ a ar I3 . . 1
sUkUUYBs TOU Fanmsudnnsdansguuuuiiinvasnndneiuniavia Real time pricing vesrlvivh
o [P 7 vy oo = = = [ o
Wwalwmiansldaunsenialwihldedrdivss@nsnm siazdaanisuimsianisnnuiesms
nsldmdsulvwihdasannsavildetraiosdiseandeanaliuil
- Dynamic Network support by load shading
- Dynamic Network support by load shipping
- Dynamic Network support by load Peak decreasing
- Dynarnic Network support by load Transfer
- M3aaATFR eI I3 Real time pricing

= ' o
1.4 Uszlewilvianadnazlasu
v . < s & = [ o
[1 14 Control Algorithm Twnzdwiulssmalnenaz dudutuunsuimssansndanu
1 @ A
Tulasselhdadesndanusgean
D o ar 1 a Iy o =4 a w o o
annsafindndiunsainluiiendinunawnudadunduaeeiaainnsiil Control
. = 1 1 1 = J [
Algorithm fimangauspasuanssnuanaulaiiiuaulunsadalivhmnunaangasm
AINET
[ wigenuindefielduazamnmlaiih (Power Reliability and Quality) szuulasstngludi

ar
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R3urilauansnsoiilsanaroa1Nf0InT drusatdasueandsnuliiindald
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3 Pl 3
ar ™ = . 0
[ szuulwifiaudeiuiivssaninmesanisudauaznsldlailn (Energy Sustainability
and efficiency) syuulwihdnnudiduaziimslandinuoaiivszdnsnmsivan Peak
Load uaz treannisasialssirihainndsnureada
D ) [yl = %] 1 or = 13 =Y L4
Wukuamalunisiameluladnesanuszuulasainedansssias ssuuldaduasoiing
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2.1 lnsevnedaases (Smart Grid)

Tassdelniirdoasoy vie Smart Grid iiulassthglwihildmaluladansauma uas
doasunuimsdnns muaunsnan ds uazdrendsulvi awsesesunsifousessuy
IWihanundwdsnumadenfiazeainszareegiialy (Distributed Energy Resource : DER)
wazsruUUETINslFunsnalmAnuseToniaun sauidiuimstug@euseulasstresiuiioes
SanderldotaiussAvianw fenusfuns Uaoade Weiels daunmilyildumsgiuanna [11]

wwssargunvunisunlelutagtuldinsiissuulasainglwihdnies (Smart Grid)
inlflunisusulsnmuawlnilneldnssurunsifsafumeluladansauna uagnsdeansun
Wimsdanis aaununisedn ds uardrendssnleiln arwisasaaiunisiieudessuulaiiienn
uawasLU A deniiazenad nssmaagjﬁ"ﬂﬂ (Distributed Energy Resource : DER) WagssUu
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s 3 = o I e = 'Y T | | e v 1
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o o gJ [y [] 9 = at 5 1 d
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‘d L g o i as 24 o il QI L 2 5
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e L3 LY 1 1 d 23 1 &/ 1 H‘; P o 13 27
ranaulid LU nasliisaaiiidming Weaandsnludrvesieaviiy widsamniavinli
= o o & - 1 ars =3 = =y o wd 1 4 2
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fsr@nBnmgstiu uaranunsndessuuuianaiuagiluuudnlusi
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] o5 5 4 [ oo 1 . ] = [Y] =
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virlden fanududounn iswinundafuiiandanliaed
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Wind generator

U7 1 sUlasanolivihdaaser (6]

drudsznauvailassthalvidonses
1] ar = ‘5’ = d
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[ 1 ] ar 14 27 =1 ar v e & 1
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seuudiannsoiindilada (Flectronics Embedded Systems) ssuvflagld
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LY AJ - ] (% (=Y L3
raufiumesniianuaansalunisssnanagviang ises wdadrsufmdunsuiames
) (-2 d
Tasetne (Cluster Computer) Tneilinguszasdinasanaianuanninlun1sussulanaves
= ¢ ol o a o e w d
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wafu sruvdsdretdsivihseaios (Smart Grid) azfumaluladln Aezufeuguuuy
nsdedendsulrilafinuiuaionniu slufenisyfunginssunisTaluihnumanis
AnsngiuarUsvananaras goviuad niliuinaiufiasslomiflifiuuasannsonsendnly
eI saanieny waslHlriheguiivssansamannty

Hagiiumheauiliusnisluiwilan Tdnausuiesdfululdmesiwidenier (Smart

v

Meter) warszuvdpansdgyrnmieg Aamudiuisosgldlni Lﬁadaﬁagamaqné’uwﬁap&
Tousmstrfimesiwihguiniidstsandlddwlunissunniines Audfudeddningy
TUiugurmsidvosuraziiowiausaanmlddreadldun fediannsonsuasguuy
a3 (Real Time) 3ndas uenvnfssuumedsivihasilmifednmsvhanuthuszuuTnsamney
luwsaufusasfie dnsddygradeyaddneaulumedamiouiuiifalnv Bonszuuili
syuuloansluaneasasay (Public Line Communication System : PLC) vinllusunan 151
dnsadumulnsviand viaidoinglagliddndudasldaooinid uazaunsaliBunesiinlagl
Suludodltansinsdmivieliszuuliany Sndoly venvniSaunsoldanelniidegusalutiu
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U7t 3 spUUdeaNsTeIsEUY Smart Grid [8]
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d = J 1 -9 o
2.2 wansenufitiannnisiWausessuundnlwihdrewaduasarfindanuruunn

mnmsAnenauseludisUssmanuin lunsdifiinmsdounawrisauamnszualiien
sUURARLTMEwaa ke fingnnlussuvanedsainis iiesiinain i uusyeanu
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] Upper Bound of Legal Voltage _

i1 The Electricity Utilities
Industry Law of Japan
(101£6V or 202+ 10V)
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aullsiasunavaeseaunssaulnin (Unbalance Voltage) [9]

Tunsdlfinnsideudeairioamssualvfiuvuideussdssuusmiiseasszuunie
Thdewaduateding nfinarunesdiuldtanuindeiineideusessuul vaduaefinditn
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fuluszuudming lunsdilindestainssuaiusiin 3 (a AvsaiursnanAn Unbalance
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(a) Voltage Imbalance
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nsdelnAanszianss (DC Injection)
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iwdosuvasnszualiiihdesiivdoutas (Transformer Grid Inverter) wiluilagiudulvginias
waanszualiihuuuideusoriranedwgliiviiouUasinetie (Transformer Less Grid inverter)
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wansynuiitinaneweiind (Harmonics) (9]
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m5197 2 Disturbance voltage for EN 55022

Frequency Limits, dB(UV)
(MHz} Quasi-peak Average
0.15 - (.50 79 66
0.5-130 73 60

2.8 mATeiRges
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weavindannsondninidu
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wdsrnIwif unagaduasenfindeiin
a-Si p-Si waw HIT anungoadnla Tul
2548 fleuvinfu 885 739 uay 798
kwh/kwp 1ud) 2549 fifviiu 1,891
1,676 uar 1,779 kwh/iwp Tutl) 2550
finwviaiu 1,761 1,604 uay 1,703
kwh/kwp warlull 2551 Tauviafu
1,670 1,496 Waz 1,583 kWh/kWp
FAIY

Ewan D. LIFETIME PERFORMANCE | UsewBnmmaunatulad HANIENUIDINTTARRIIDISEANE AW

Dunlop OF CRYSTALLINE SILICON | &inau wemdnduegiulassaiuasdiney
PY MODULES.

Toshiyulu Data analysis on UseAvBnmuamanuiies | anstduunmdmuiiuseead

Yamaguchi and

performance of PV

waakase RdmLTorER

wEaAndENNInLaneamnlaReinu
dE o v
Ansdnluiidmiladadnsduued

et al. systern installed in south | aannld Arfdanianving
P r o A = o
and north directions uargumaiiTpuHILYas wRsumadlaindawsondn
Y ] =8 . o AV =
LEeving asnuitdnafauisadalufiale 1
ngieunand 96.4 9% guila 32.8 %
wazdmsrEuneilivinfu 66.4 %
Manuela Building-integrated yiimsannuuy waznnsldee | msvasaulssvEamweanszuIung

Sechilariu, and

et al.

microgrid: Advanced local
energy management for
forthcoming smart power

grid communication

1A SHAUHATLMUY
microgrid (Building-
Integrated Micro Grid; BIMG)

power balancing {Wauleafu any
Foamswdannllniy wasanmeilszuy
dnlwilllym nsuseyneld
NTEUIUNTIANSWAN ARG
SeuagansoausElaRndwmiy
szuulgadLa indTiRaduuuidoude
dihszuudalevumin uazausduedl
psueneraLielfinUsEdvsamtunisly
wasanlFhlnen s ngeameIns
wisuliihonieedldliaramiin
wald

LI Bac-shu and
GE Yu-min

Improving Power Quality

by Smart Load

YMISANMIRANTENUY
) 1
Aun A Tidwasielnan

Ao ISulAldseuu smart grid Wu
wdnsilefllilumsuulyeuatin
wseiy wasdynnusumuRteg Jadin
yilimaan ity uasvilsivand
UszAvsnmidunilude
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3.1 Agn1saniiuniside
X

<t o P = el o & 5 e 1 dy
sudauidmsideuadlasinigidy - i ummwumaummalﬂu

of 2 ol

|:| o o =l A 1 [ ) . =
V]'m’]'iﬁﬂ‘l%}']L’E)ﬂﬁ']’iﬂ'm')"\]ﬂ‘ﬂLﬂEJ’J’U@QﬂU'iSUUIﬂ‘N‘U'IEI@ﬁ]Q‘SEIB (Srnart Grid) WagssUuUNan

i

W édhoaduasoniing elfiiudoyalunistmundudsineg Afteadasfumsann
Algorithm Tun1su§isdanis Supply was Demand

[ dievhmsnuienansenidesinedouiesuds imafudoyavesszuvisaduaseiing
ynafuUSinansriandslidhussssuumaduasondindsts 4 szuv e szuudl 1
38UV PV campus power 3u1g 350 kw s0Ufl 2 S¥UU PV Micro arid um 120 kw
SEUUT 3 SEUU PV grid connected system 9119 10 kW LaYSEUUT 3 S8UU PV roof

connected system Y116 6 kW

[] vinmsiiudeyassuuuinisdanisndsauluaitans (Building Energy Management
o I3 -
System) Tn1591 Energy Management Wan13¥11 Demand Response Lil® Support

LagAsUAuBIADIsUUT MUY (Distribution System)

L ° ) ' v
NARDU Faction Ms¥inauues Inverter 1o Support Network Tunseising Usenausng

O 3

waaiiligafiunsdlil Active Power 91N ssuuiaduaating feed 11ga Distribution
Network

o 5 A = o .
wsesnlwihsiulunsdiiegudinnndaisendlwihgauiu (High Load Factor)

O O

Yiun Algorithm Tun1sudnsdnnsnaesiu Supply kag Demand Tulpsetnelndadas
gz (Smart Grid) 9nRansIassiluiade 13.1.2 waide 13.1.3 Wide 13.1.4

N\ .
ey Algorithm Iaudulussuu Smart Grid

- A i
?Lﬂi']%ﬁﬂﬁﬂ"l“ﬂi?ﬂ.l HUTIOUSVRITHUY  UseENENNTEUY ARVUINNNT Develop New
Algorithm

L1 [

L gavhssnulassmsdse

sutovisnMsiteveddasinis msdauTusaumauTIsIansHaa e ssEuulasane v
Qr o E ] I [4 ¢ P ) .
SasuzifteannanssnuanmaieuassuunBalnTdewadienaefinds uauan @wsn
o or =
aglaviagun 16
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AnwmaBSfiiudeaiulassneliindases

sUBuuNTsRIUAY kaemisudwIsTanismasneli

INSVAADU UasWARDY Faction N1sWnaTuLmneY

v

SERT Smart Grid

Supply Side Management

Y

sruvuimsianiswialueats
Building Fnergy Management

Microgrid SCADA
System Control
I\ &

Y ¥ Y

Demand Side Management

'

foavaasunsinulvii
Faction Inverter Test

A

K

Network Support

By Inverter Faction

Fimmerinaded Toidy Tumwsnts Demand side waz Supply side

4

° =) . ar
Faction navitnusadadaaasnszualwidansuluns Wawn

p-| FiAL1 Algorithm YBITEULAIARAMSTIATIEMLUUA TS HFELILINGTINTNARDU

Y

o . PrrS v A 1ad W 5
neasumsuasssuulasstwlwihaeioeiae Algorithm Tvifiwauniiu

No, Salsifiiafiosnm amnam Ussdniam

= = X
Yes, fiafiosniw qruaw UssAvdnw it

a P o 9 9 e
AirmedausTousiifiviiu UssBvsnmnslndiang weesamsvisudaannisi
Demand Respond a5tdad a1dy uwamisnsnousn

Y

| Weusieetalasanig |
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3.2 vauLuneRalAsINS ATy

ﬁnwmasﬁ'mmgﬂLLUU‘USumaumimU@u(Develop control algorithm) Tunsadalwdives
syuUulgaduasefing w3eisenan Supply side management 's'mﬁ’uﬁ’muwzumaumsmuaumm
saanmsndssulnihbimgauivainunesn sndauedes) wagaiuisansuaussivUsunm

=

wasunszvundalwimdals v3e3eni1 Demand side management Tulassinalvddasey
v ‘é L= ot - . =1
(Smart Grid) 9518818 uaran15U3M159An1s Supply side wag Demand side 3518azidan
frama LUl
at g =3 = 1 aF o
321 m‘sﬁnmmmmﬂgﬂumumaﬁlummam‘lwﬁwmswunaﬁ‘lﬂﬁﬂ’lu‘[ﬂiw'\a‘lﬂﬁqaasﬂ::
(Supply side management)
o W ® & o PN W
°uﬂUmemu'lumsuaua]wmﬁﬁnmgﬂLLUwuwaun'uiﬂaUﬂuwmmu"LWﬁ'mwamlmmn
-~ dﬁ :; 1 1 (-7 [ Q) a3 5 E; 1 1 s
spuuaRuAsvindinaneagodunsrariuasditddiansiilividunasd aunanuatslu
= & = I ] =3 2 :al d‘ 1 2
weluladiwaduasoriind laoimuseauuisiliasoudasnsznaliilinuuigeuiaidissuy
a 1 An u‘j L) £y 2 o d 1
mwmwmmaqﬂmsuuwaéumaW]mt‘immmmmmmulﬁmumm'\gmwmﬂwﬁwmumﬂuas
A5l uasast 2556 (2013) Mvua TaogiAnwiaiun 5 dendn Ussnaunie
1. #@31nn13v1 Dynamic Network Support (Fault Ride Through)
2. BHA9INNTSYIT Active Power Control
3. #avINNI5¥ Network Support (A variable reactive power depending on the
voltage Q (U)
4. HaRINNISY Fix displacement Power Factor (cos () )
5. HanNN15vi1 Active Pawer Control
) E‘Jl LY [ % 3 o &
NG 5 WIVDIENDIANUITNAIUANIN Central control #14vLU% manual Wag Ly
- IJ ‘d o s [ 1 [} | T t 24 1
automatic Liiefaziinisinuinananiiiilussuudmving waztiglvilinnisldauediedl
1 = Rl 1 o 1
s mliinesifansdlles o Adunaausessuudming

332 mimnuasianziiuutumsunsruazaifssmsmel v Thilasenelwi S aie:
(Demand side management)
vauiumanluiadoifesinsfinegiuuunsmunuaniudeanistindeanlwill

LHENHDRDAILABINITNITIINIUITY LATANATLNTOADUAUDINAANTIEAY 9 dntufuszU
Smhefedsineiaiosnmuazaunmiihlussuudining Snisesfoadiunslindaamild
Usdvinmgsgraninsoansilidremaiundanuliininmsusmisiansndsany iy nns
Udmsdamsdrulsenaunmia 4 sesszuvasissdanndpiualWiivestie Peak uay off Peak Ty
sULuUves TOU Fansuimsiamssuuuuifezasnadestiunisvh Real time pricing voarlvih
welidamslFnunisendlildednsdivssaniam Teazideanmsuimssanismudomis
nslmdanuliihdesannsevilfosaesiseasdaneluil

- Dynamic Network support by load shading

- Dynamic Network support by load shipping

- Dynamic Network support by load Peak decresing

- Dynamic Network support by load Transfer
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o o @ %) v e o v w o & i [

Falunisudmssanisanuseanisnisidndsuluviingrndresu Sudusssealdssuy
V3wsdanswasnuluenans (Building Energy Management System, BEMS) $auiussuuAIuAy
a1 szuu SCADA Tulassnglnihdaspsrarivedendsnunauny (SERT Smart Grid)

Tunsfnwsduuutunreunismugunisuinisianswdanuiessuundalui (Supply
Side Management) wag AMUFBINSHEIUINA (Demand side management) SuUusiosld
syuulasetnelindases (SERT Smart Grid) wag seuuuswisanniswasuluetans (BEMS)
d d -] L = P v o
Wategldlun1snadauszuunsineuluanmensidanuast wasdssliiomadauniasniulvi
= ° ] = = ) . o o
Weldlunsshassanenising q MABRIRU Faction nsvhaugsamsaawlainssudluiiuy

d 1 ol [ ]
LaUndluNTEuUUIULY

o o

sruuiillunsviadse

y ¥
TasavoinidaSusvas SERT doanagoun1sdulndves SERT
SERT Smart Grid Electrical Laboeratory

Y
seuvwiwrsdantsndseulusnans
Building Energy Management

Y

Micro grid system

< = L=

3 ) b - ar & ' o
vmsinsufatildndgiuuutuseumsuimsdanmauluszuulasaheliidnte:
A o = da o
deldiannuafusnwupensldanniluszingnv

o i = o A
Ui 17 ssusznaurasssuuisnuaiagldlunsyinide

3.3 ssuulasethedansesuosdInenaunassumnauwn (SERT Smart grid)
Jussuuadaifadenelumundanuredineides Suhnisideuressuusanwiauind
fuszuueaduatanfinduatassuulssnouiuidulasitie uesliszuuaiununany SCADA
System L"ﬂuﬁaﬂ’mﬂmﬁq Supply Side 11471u97 58U BEM (Building Energy management) il
ABBAIUANLAZUEMITEAMsH Demand Side Feszuussuulasanediniosvesinendondaany

9 =
NAUNULEAIRAZUY 18
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SERT SMART GRID

ILETEE W L ENT (L)

L
SCANALTRI iR

‘J ' o/ A =3 L7 L7
E‘U’W 18 szuulaNgIe8as LYo NeNAINAIUNALNY

sEUUNER WA e aduasoing Campus Power
'3 a o« = < o ] I
Lﬂuii\ﬂﬂﬂ']L?jﬁﬁuﬂﬁ@qﬂmﬂ’ﬂuqﬂ 350 kW naziuuninesaua 100 kwh L‘UBNWQIUIﬂsﬁ?l']U

. = ar ar ar =
Smait Grid TIE]Q'JVIEJ']ﬁUWﬁﬂ\?WUWﬂLquﬁQEﬂW 19

i
o i
L]
-
»
L]
-
T

gﬂﬁ 19 s¥uu Campus Power 9um 350 kW

= 14 4 < L4 oy u‘j J =3
SB'U‘UFI'J'UF]EJLlﬂSLLﬂﬂﬂNﬂ‘UEN‘i%UUNﬁWVLWﬁ']WJElL‘ﬁﬂﬁLLﬂda'WI‘EﬂEJLLUUNWWGUNWUQUTH?(’] 350

KW WaY LLUTRAMIUUKREIAIYUIR 50 kW LLEWN@QE‘IJ‘V] 20
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{ﬂ““ w7 ey T fﬂﬁvf"rﬂ-v =) V
[ TN YR | T e -n]
\ M M | e L

Uy PV Micro gri 12
- 98UU PV gird connected system 941m 120 kW (Poly crystalline

silicon) Suumpstifussuuavaumdanu

S¥UU PV Micro Grid 10ussuvandnnesluaiundesu inedendeanu
nouny F4dl drnlssnaundnusznousis unagagudsefindwiln Poly crystalline silicon w¥u1®
120 kW vt dsundsnunaserdindifundsnuliih wuameiuuauunmed 300 kwh
dielianunsosiseamevhanmasssuulimaingussasdvadasens vennfudsiiede siuda
Tideniiufigasun 100 kW Ssdhuissnauvesszuu PV micro grid
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& rid connecte WU 10

- 52UV PV grid connected system %ina 3.67 KW (Amorphous single layer)
fuumpedidussuuavaundny

- S¥UU PV grid connected system 9116 3.66 kW (Poly crystalline
silicon) wuuiluumns’ wuilwummedifiussuuaeaundaam

- 52UU PV arid connected system 9u1a 2.88 kW (Hybrid crystalline
silicon) wuuiluumes? wuuiwamed ussuudsdaind sy

- 58UV PV grid connected system au1a 1.2 kW (Micro crystalline)

- 3%UU PV grid connected system wuna 1.4 kw (CIS)

syuunanlihdewaduasefinduvuideudedisyuusmng (PV grid
connected system) Yu19 10 kw 1 uszuu PV grid connected system vu1a 10 kW i
dnsznauvndndsznauig uasaduaseniindsiua 5 inalulad Tnessuenseuueen 2 wuud
wanBunnail

WuUfl 1 5¥UU PV grid connected system LtUUﬁLLumLmﬁJ’%L‘TJustUﬁaﬁu
WH9U Usznauie uwraaaudseinduuundnuen (Poly crystalline silicon; p-Si) yuinUseanm
3.67 kW undlgaduaefinguuvezuesda (Amorphous silicon; a-Siy vuaUssunn 3.66 kw
wazuRgadaeindvilanaanan (Hybrid crystalline silicon; HIT) aunmyszann 2.88 kw i
LLummaf's'mmwmm 100 kwh Wussuuasauwdanu

WU 2 sy PV grid connected system LLUU"LJiﬁLLUNLﬂa‘%JLﬂquUUﬁxau

WRIU Usenaudae Ledwaduasenindiinlulasd@nay (Amorphous silicon/Micro crystalline
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silicon (a-Si/PC)) vunauseanad 1.2 kW wazunaigaduasefindeiinaavivoidudenlnanaulud

((Copper Indium Diselenide; CIS)) wuauseuu 1.4 kw ﬁ'auﬁm'lugﬂﬁ 23

"Slﬂﬁ 23 sxuu PV erid connected system ¥ua 10 kW

1] onnected syste W
- 58UV PV grid connected system Bu1m 3 KW (Amorphous double layer)
- 5%UU PV grid connected system 9w 3 kW (Amorphous triple layer)
S¥UU PV erid connected system wuuldfiuunme3idussuvaraumdasm
ﬁmﬂ%uuwé’am&ummms Usznouse Leawasudsaninduuuszlasia (Amorphous silicon; a-Si)
Wuezaedila 2 $u (Double layer) suiauUssanm 3 kW waziwuasuosia 3 u (Triple layen) &
sU7l 24

gﬂﬁ 24 38UV PV roof connected system wum 6 kW
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3.4 M3NAIUN Control Algorithm
TunsWai Control Algorithm aeld Fuzzy Logic Method fiswazdoafneluil

Fuzzy Logic Method [18]

n1smuREkuuAe@aadn (Fuzzy logic controller) IAATUIINUUIAUAAYDY Lothi A,
Zadeh 1iled) p.a. 1965 WWInsmuguUUUTIgRMaTiendeteyanwiiaslsaunisalns
vhsnesnyudiduiiugmlunsmuny Taslisidudeafemuuunasmendamansaiuiug
gaesruy vangamiussuuiiiaadudeu vie aauede demliifudadu uesneedunnld
Hiusenad Faluiadeidléin wusvpuiifedion Fudsuuuitsduasiudsmaniwn Tassashaves
szuumvAuuUiisEanin nguedited nseypnuiuuiiedasin uasnsaHedady

vigruf Hedien
a = 1 S Y - = | ' ]
Hledian Ao nauvesdwenoingiiinsidsuuaesdndnlugnetnasadursal

2 ar 1 A or L [ 2]
sslddnydnual p wnudwunusndnnnesagets g fogdluenanduyivg ludae 0 fa 1 d
<
U 25

R

<l

 Wney

A:J L. =
Uit 25 Harduuassprruluaundnawuesitedion A

3.4.1 Tasssirevasszuumuguuuuiedaain
TassairvesimunuuuuiledasinUsenausednssnauiiandy 4 duu do ga
UURm iR WAty (Fuzzfication unit) gruaug (knowledge base) andntflensindule
(Decision making logic) uazgaufjuRnnsafledfiatu (Defuzzification unit) Fefansanld
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FNg)
Rule Base
S
\H‘.:N’lﬁﬂﬁf;ﬂ'l-l N3t e .x> ] /r ) Aavadye Us:uqauﬁr‘mu
Preprocessing Fuzziflcation nﬂ'lﬂﬂ”l'iUVgN"m Defuzzification Praprocessing

[nference Engine

RIANIAN

Controller

Famuanuunis
Fuzy Gontrollar .-

| w ar =l
UM 26 Tassasimmunuuuuiied

Hedaninilgudnvasuvaisy sgw vilifinisdierfisdasInuussgndldedis
ineuazeeailUszaniam Inslewisaunsiussuvasuay Yefvesiedainaguniig 16
il '

o am Aoy o 1o d o v 7 ISP P ' 2
» Hxfaodniussuvidiatosnivgs iduuagieddnudussuunidunmitlamivounss
o 1 of & Q’H 1
Usnendeyimsuniu nandessuuansasessudune Nlinnsaquiaielasthammnvans

e

g o : o [ S A = v v o= o Za
» HwFandInuszudanasionisldngiifinuaniatiewmedld (MFegadaszuy Banfde
v% o v & oo a 1Y) ] - -
Aleavngiuies) dndudadumsasainlumsuiuuissyuuitaifioyss@vtnw
« Hedadnlififos 1 favasdruudunaniaondym ildmseanuuussuvannsaviild
L @) d 1 1 o i v w 4 ar A
wannvane ansnsaldinnsiaduiiliiauuudwaninuariisagnlensen s funaigqdufie
= <] ) PP §
UsrnSnmwesszuuluvmeiiniugieinuazsinsinvessruuliiuiy
= 12 d 1 1 1 L - L 4
« HeFandniiassafraiannsouvansnifumiisdszanadenls inldldssuuidinng
n3ERIBMsnL Sesanisouauasyiulsuily
= 2 o4 P - i . [T er o
- HedanInarusaldfuaunliiluidadu (nonlinean) la vinlwannisgnisAruaiamn
e a da
wuusaaszuuneAdinamensnduteu
w < o ar
mseanuuuaseimuauwuuiied eldduimunudady mseenwuuiinuguiled

|74

feafnseiliisnduesiawimsannanuioutuguissin-lasa Foua
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§1Wng
Rule Base
dszunannnou s nalamsoyum #| mohdled P | dsznonndou
> Preprocessing Fuzziflcation Inference Engine Defuzzification 7 Preprocessing

< Y
U 27 Tassaswinduauuuuied

«f M oo o 1 nllv
MeUANEIAND (frequency response) Wia3esumdlwg (pole placement) ng#ly
Tusharvauuuuiiedasnsaliifudaduld swandeedioluilaylandnisesiusznaunngg ves
LY ] & = - 2 e
shmuauuuuilsdauuuamedmsveanuuuludaimnssugud 1 wanslasasreswimuny
4 1 @ & @t - P ¥ e
wuuiledesrsznaulumsUszmanansuuasvas WunsUivan wdunsaiazldiuienuguuy
(4 ] ar 1 5
Heilaumnzaussandevawsasrusvnavaguladialuil
« msUszanananiayu (Preprocessing) lutunouililumsisdendunnainlanase Wilaay
= XY ) & o o o a ¥ a
wneanfiagldiushmumilulanvosiied (Lisaudupeunsynliluiled) lneunfiuddunnvas
o) (. o = o =4 ) ol 1 = o & v ]
spuuasliuaBainieun iavsasenunaniasadionieq wayliladaluzdnim Jeiluesdesd]
] o Y- 1 2 ar 1 ] 1
msUsznananow ieSurdunamanilitinnumnzan fathevesmsusvananansuy
- wlasamandygnaususdenlniludyguidnes
1 o 25 1 A ar 1 ©
- Yarinianlvieguiissuusesiu (duilaidudnnmiy
o 1 g e o . . 1 = v
- YSumliduussingu (normalization) Tuginawisfineanis
- nysavsondndegnusunIU
° ' Y- | v f AU o a
- AnnnaeyiudusauIius Addudunmaii)
swazidunvasdunaumsUszanananaudiiy Tuaneuszaniamuianisirauvesianugy
1 a) = A 1 o L o i 1 1 1 A
wuuiledlasnss Adygrufineafinzidandeuinlidmaiuauinuldatssussuimnme
nsUSualiilvussiagruenedmadensimuadiuusluszuuiie@(small ‘medium’wag
¢ ) v oe s I = = ' ] & ' (L o | 1 ar (3 1Y
large”) I fladaoersuanduzuil 2 Bunmusazrrsasgnuiuaibiiduussvingruiunnsinaiu il
£=3 [y} 4 e |3 1 1 A 25 1 11
inealsidaLinswedun (Wansfeganas) dumdug Aldannisusanananou liseadu
FeyWus (derivation) w3aayiius (integration) yilWduduymvesiiniuaiiiuanniiu wiuey
1o =] v e W ow PN ¥ v
MNwungiresonkuud iU AUANILTINTUME
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° . . VA <4 v ' ]

» nsvinflwd@ (Fuzzification) mduneildainnisuszanananswazgnuiasiildudany
£, ot L) 1 < v o ar s a‘;’ o [
amn@nanflaridusandneineg Mleglussuu wdrwhnsnuradwsvesdunaiu muleuly Fhuds

A
A1) Aignasnuwuuly
e O P ar o & ar 1
+ 57unj) (Rule base) nijluszuuiedtoduirlslunmsdnliunmsaiugy ngAsnanannsom
< = =t v e g 1 o v ow i
ndevluiivainuate sauludsanansalinadwinuinnin 1 uadwsld dmuauniidunauas
P 1 . , o o o =
leAvmnAnImizazizanda MIMO (Multi-input Multi-Output) Turagdghaausundiiiismils
(=) 1 . . = < o
SunmuazoineIzi3end SISO (Single-Input Single-Output) Tngundiud ssuuiitiu SISO v

NFAIUAL +100

-100 |
f

-10 +10
0

A U 1 L4 L ) Y 2 -
Ui 28 msufuabiduvssiinguuuulidudaduresdBunm

Fyannmmufianaiaiiessiaien luunsnsdeneeinisldadasnsuasunag
WieanazauYaIAIANARNaInTINAIe Livrfinuiandnludunndier ilasmniadasnig
Wilsuulawdodazauiandntuunindunadiaufianainiftessdiaion mndavens
Wngluiisdadnilissuuildiinreindifostunisvnusiwewyed wiananldindu
fidenmgiues

- nalnn1s5ayuy (Inference engine) NgmAa4e9) ﬁr‘hwuﬂﬁwgnaqmmﬂunaﬁ’wé’lums
fodlevpsszuy oszuudndulaliuda nasdniunsiaenndostunsinauledufiozdniu
sioly enfrodrntussuunsraduliihgungiinniaematuil 1 dids Seutu’ edre'samsy’
svuvasinsiarsanadusanieutunsiaasuiungnsiau feeaadestuieuludanan
udvhnseynuvdedadulaiasinsilariasienniu ‘s uiu wadwinisiadud
isanseglumasvesdiBimn Mmzgnuiandumillinusseheduneuieluil

» MIRAAeR (Defuzzification) nadwsidanwitldannalansouinuezegluzudu 1Wa
iwdesimnandu ‘usilan’ vivantSasiienuiou ‘ameusyane’ mam wadnsandnizgn
wadlifurilaonedasiumsvhinuadussssuy ulawfonmmubudiiuty 25% Wudy

» sUsEANAMY (Post processing) W Anmildainszuuseveseagnuiulimnsansu
il ldhesdunsinliduussiagiu (nomalization) 1lughuildauliads iundas
A1 0-100% Lhuwssdumug -5 89 +5 laddmiumuguliedesiamuulalnnuTuned
AONT
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FewanBosmnudaning q uansisoluil

1. nsvinvled (Fuzzification)
mMavisdRemsdnumasziuaruduanveagemdindsiBenivivesiudsly

seuu Tufumeuusnresmsayuuiledazdonhmsmmssdiuanuduaudnveuenfind1iues

FuusBunn Adedvesinysdummidinanglussuy fasaq"lugﬂmaaf-hL%aﬁ'nafuwé’amnﬁv’ml,é’uﬁﬂ

isﬁ"ummLﬂuﬁuq%nmaaﬁuwmﬁﬂﬁuﬂ sranusomiaandlendueandn

2. nauszliuAngueivd (fuzzy rule evaluation)

wdnfmnanasssiuanauaBnuedunsinualiuds Sunousisluomsussidiu
ehessulsillilunguotted msvssifiudngdinamenudin IF gausvasditeyhnsuseii
Frendeulvansunmiuasiilingladosnsyvivludau THEN doly Faorsesiinglueuluenan
snnndmilangwenqiu ieanansruviBunmnnndinila (uferanufiananuazsnsins
Wilenwtasvesmanfianatn) deulvvesudasiunnasgnussiiuamesnseinvas el
\u AND v3a OR el ilduadnsaniie dudfiailasnsoin s fiudidou THEN A
mwé’wzgnﬁﬂﬂﬂssLﬁuLﬁamﬁﬁsﬁummL"ﬂuam%n*uaar?hLLﬂsLaﬂﬁwmlu%umaucsialﬂ A0
fnsevir OR 9 nvnuijgnazlei

u_(AU B) (x) = max[u_A (x), u_B (x)]
(1)

atalshAf fnserin OR awnsadenldvaisag 1y sndhatraiunisnssyia OR Tu MATLAB® Fuzz
Logic Toolbox azilisnisldfertu max dhesunasiandunisadfiiondn probor 3enasinds

Fadin (aloebraic sum) fiadl

Haus (X) = probor[pa (%), g (x)] )
= pa(x) + pp(x) = pa(x) X pp(x) €)

1 e v oW a o . o v [Y) .
udeniutusinisyin AND &9lu MATLAB® Fuzz Logic Toolbox fian1sTa#andu min uag
Herfunanm prod fisil

Hang(x) = min[u, (x), up(x)] (@)

Hane (X) = prod[us (%), ug(x)] (5)
= Pa(x) X pp(x) {6)
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Tuunsdl nsldisiduvesianssymoasniiunnsreiu orelinaiaiaavfiunndnaiuldndamn
Ussidiusvoausiazidoulunaysmdeulalunsdfifinandt 1 Geulludiuves IF udmanlsiasgn
ihlussiiumaingielafignfionsanlughu THEN daly fasanshedsszuumurugamgiidad
nguesiledanun 9 4o Weulvuasduwadaiwildldiun Eror = -0.67° ¢ FeldAsedivaanduy
dundnuas N uas Z Aldwihiuaud Revladananiidannninquiuazetludn IF vesngde 124
5 7 uar 8 luanizfdouluvesdunnindlaedldun Eror Rate = +1.67° C/unfl GaldAszduan
WuenBnues Z way P Alsviiuguduazegludiu IF saingded 4 5 6 7 8 war 9 dlavinis
AND (iteridu min) deuluisaederlihieulvfmesdiiluurgusfdodoulalute ¢ 5 7
uae 8 TauanwnsnaguUliasd

1 IF (Error = N) AND (ErrorRate = N) THEN Output = C

IF (0.36 AND 0.00) = 0.00 THEN Output = C
2 IF (Error = Z) AND (ErrorRate = N} THEN Qutput = H

IF (0.62 AND 0.00) = 0.00 THEN OQOutput = H
3 IF (Error = P) AND (ErrorRate = N} THEN Output = H

IF (0.00 AND 0.00) = 0.35 THEN Qutput = H
4 IF (Error = N) AND (ErrorRate = Z) THEN Output = C

IF (0.36 AND 0.35) = 0.35  THEN Output = C
5 IF (Error = Z) AND (ErrorRate = Z) THEN Output = NC

IF (0.62 AND 0.35) = 0.35 THEN Output = NC
6 IF (Error = P) AND (ErrorRate = Z) THEN OQutput = H

IF (0.00 AND 0.35) = 0.00 THEN Output = H
7 IF (Error = N} AND (ErrorRate = P) THEN Output = C

IF (0.36 AND 0.64) = 0.36 THEN Qutput = C
8 IF (Error = Z) AND (ErrorRate = P) THEN Output = C

iF (0.62 AND 0.64) = 0.62 THEN Cutput = C
9 IF (Error = P) AND (ErrorRate = P) THEN Output = H

IF (0.00 AND 0.64) = 0.00 THEN Qutput = H

9ndia Error = -0.67° C waw Error Rate = 1.67° C/undt Sinalvidaw THEN Faffaduusiondne
et LY | 3 1 1 & ) A - 1

veangde 4 5 7 wax 8 gniszifiuailutunasisly Arssdvauluandnanieuludunmludiu

iF azifiushuendidsiondnmesiisusrwessedvananduainsenadisls Inedlsddumundnues

U
o

Wnnasgneingen (clipped) niegnuiuauin (scaled) auraszivamluandnvesdiu

i
ar

o £ ) =f 21 ¢ ot [ w o o L -
FaulvBuwn IF Jules Bausimsdasoaisiduaudnvasiaudstendnmozsilvitionsgayde
3 lad Y 1 & acd & ] 1 o = s W
Foyaursdiu uniBnrsdenanduidniduaziedenisiuan suiluiansilulddssnanalu

Tunaunaludnaie
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3. M3357UNg (Aggregation)

[ Ly

a ] o1 [ = 1o [ Y Y]
wassnnganes gnusziliuauds ngffinaliviivgudazgnennddeiulagniss
wod €9 & o 5] ! w <5 L] & LN 4 s o)

madwdvosilarduandnfiiiunsUsailuat (gndngonudeuiuning) veuadimeiuluiee
Wendwluusaziudsoidwn assaungazldsnsevhadeu waainssunginaiainseuy
QJ I = i o o 4 1 = ] o
Aunuaampfifiarufianatniniu -0.67° C uagdnsnisiddsunlasmanuianaiaminiy

ﬂlj 1 a é’ U ot d d ]
+1.67° C ludumaunslusvihmanissiungitliuvaaiudrfaaudeafisdnenluldlunns

Ussunawanaly

4. MmaaYd (Defuzzification)
& % & S & 1 =] (L] &) o ! <4
ndumaunsninauieiuneuinigineg lussuuluailed lithasduduye ngeinag wie
1 1 & 1 < ¥ a1
LW uelI1dmIUNNIEUL ALpnewiwaRsaesgnuUadlviaglusiianinsoldanulaaiatuen
as al 1 &4 0 i < 1 2 1 =i |
dyaaunssiu Andygaaiugn a7 Seeuvarilldannsaduailedld msgdrfledoslun
wnlaneluszuuiediviniu dnludgavieainendwevasszuvasdaatiuaiamu (crisp value)
nsvinditedAeduseulunisulasaainuanssiung iveglugurssandaiay
ao o s & o P I - T PN o a 1 ' 4 mal €1
FBn1sydfsdduiinaron vy Fevdslunienldauivediunsvaisfoddungagudaos
(centroid w38 center of gravity, COG) A1 COG vasflgdian A luvas [a,b] grmmlasin
Anuduiusaasialiil

£ paGxdx

COG = =
5 naddx

(7)
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o o [] d " (]
3.5 NM5A1RAITEUVIMUIBABANS Simulation
- B = ar 3 er - . .
ielinsidedulusmuingussasdvadlassnms szuu 22 kv gnusuiieldlunis Simulation
o ., o o -3 { a 2
N5¥9UB4 Control Algorithm FiWanntu Fedrnlssnounarlnssadiauesssuy 22 KV Nesly

Tums Simulation Faanslugud 29

g & = g z g
s : : : :
f T (i % Line(®) E E Line(2) E E e
frern T S f Uneh) | T L) I.
1?1 e - B
: i : I TR TR ; | :
S ‘S§Bb1 = . ~8Bb2 *SBb3
] l %"\1 N
Su'l;;lall - /Wrge;“'—{w-; g & E*’ l A I - - SBb8
on ra
Load s w‘"""“"s' gr ™\ Vi;i/age R v
A Smart PV —H\ s _ ) (PL?VB) T Vil]l;ge
System with N System / 8 (BL-VE) &
VSFL Algorithm 7~ e 8 5 g
:.g‘ ‘_\I ‘ PVng g
f E I Line(8) i ’
i & i ine| §
& e /22 L\ U |
i Line(7) i | L
AV =% S\
| @ g l [ SBb7 $Bbs
4 -/ - SBb10 i : Sﬂgl eb -J; \L
| [ cap Village Village
w7 W D c
Village Village {PL- {PL-VC)
G F vD)
(PL- (PL-VE)
VG)
ol . A
UM 29 Modified 22 kV distribution System
o , . .
M5 4 druusgnaulunis Simulation
Connection at
Components Ranges Peak Load (MW)
Busbars
Total Load (MW) - 6 MW
Substation load MBBO1 At substation 0.08 MW
Village A {(MW) MBBO2 From MBRO1 to MBB0Z2 (1.5 km) 0.5 MW
Village B (MW) MBB03 From MBB0Z to MBB03 (2.5 km) 0.5 MW
Free busbar MBB04 From MBBO3 to MBB04 (4.0 km} 0.5 MW
Village E (MW) MBBO05 From MBBO4 to MBBO5 (4.0 km) 0.4 MW
Village C (MW) MBBO6 From MBBO5 to MBB0S (3.0 km) 0.5 MW
Village D (MW) MBBO7 From MBBO06 to MBBO7 (5.0 km) 0.8 MW
Factory Load, PL{FT) (MW) MBBO8 Frorn MBBO7 to MBB08 (1.0 km) 1.9 MW
Village F (MW) MBB09 From MBBO8 to MBB09 (6.0 km) 0.5 MW

Village G (MW) MBB10 From MBB0? to MBB1O (1.0 km) 0.5 MW
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unf 4
WNANTSIVY

= 1 | v <
nan1TIdsannsoulisaniluanudiulssnouie 1. Mmsvadeuriaaudainszualwiuuy
[Fousewianods 2. nmswWans Control Algorithm 3. ean1svigau Control Algorithm #enas

Simulation 4. #an1swageu Control Algorithm Tun 3% Economic Operation

4.1 msvageurisassnsaudlvihuvuidaudaidrszuusimine
ajuaurinadlnil Iueni (Reactive power co ¢ AVR

n1seruguiidaln#ir3ueadin (Reactive Power Control) uag AVR mode ALudn
Satmuanilafiozsinuaunmniilussuudwie ndnfe wisauamnssualidnlveg
doansliatesulasnszualifiwdnlidiail Power Factor ilnd 1 fafulunsdidinuiifinies
wasnszualidudaude fnszdliihfifeddidslaindiu Reactive uolunsdfitinauag
nszualnillsidnaldos Reactive aonu Aazdiwald Reactive Tuszuudinas sfead foRnnsa
nend m WianniuamsoienaaeulufermusdliFauandusui 30

-V A ——V B —&=V C =V _grid setting —=—PF
330 1.02
N = I ~ X /
320 Nominal------ N7 A P 1.00
S 310 oedgrmn e 4 I & e
E 300 :g
é ST 0.9 =
5290 N R S bt bR SRR E
- ]
B  S— 1 0.94 &
1280 S " SRRt IEEEEEEE
o900 b il om
260 0.90
v—‘OO\OOl“*\DH’\ﬂ'mN'—fOO\OD[‘-\Dlﬁﬂ'mNHOO\OO!‘-\DWg(’"}N—l
—_ N OO RO O =N VMO0 O N vy O -
e B I I e I N I B B B o [ o B et B B ot B o B |
Time (s)

gﬂﬁ 30 nsenuAuidalwih Reactive Tulvun Leading uay Lagging
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B pq 95%volkage A PQ_90%voltage

* PQ_100% Voltage

Biec V{1 S At

SUUr
-400 -300 -200 =100 4] 100 200 300 400
Q Inv

gauLnaey I UTIHERAL UITAAIUAUNTTATNE LW LU L
=t . g .
#4% (A variable reactive power depending on voltage, QU)
[J ‘d qlJ 1 a L a o 1 L4
msiauvsaniasamnssualiiilulweissdredneseiuussiressuudmieli
i &r S ar & 1 o 1 ‘J QF
asfl wielvisziuussiiuaglunasiuinigiu nande lussvuimheviessuvansdenilsediv
a & Y] o o = 1 o w < g w8 '
wseuAwEsEAuLsLugaiv Ly seiuwssiulWihvegUaemeniasziiseiumninnasgu
¢ [ 5 af 1 er er 1 ¥ v - 2
Wudu feiuasssudasnszualihdesdisensedvnsaiurasansdsiuime tRaliruniwlnih
I3 ! i v a e o ¥ < W v Y
gessuvsmineeglunasiiinsgiu SdukesufoRnwauainsoinsvaaeuluvde AVR 14

ar  os 1 4
fadaeglugui 32

—V A -V B -V C ==Y prid setting ——PF
330 1.02
320 1.00
310
E 1 098 2
-
& o .
s 300 . . - R I
= §
- 0.96 rg
E‘ 290 §
A T 0.94 &
E 280 o T N TN T A
o P— pnssRuLsaRulEin
ATEAULTIAUTHNA ]
270 a 0.92
260 0.90
~S R RRYRIRNGEEENREASNERARNRARALE
~ Time (s)

=] ° -
JUN 32 nsyaugeasaUatnszualiiluluun AVR
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LY 1 | < @ 1
nnguuamsliiuislunsdindosuvamnszualviiviululue nsmugumsinglinih
ar | ol ar [ Ld | £l
Tulyumeuauusduasi (AVR) avanunsaanseRuusaiy uasfaussiulianas TuganiaSesulag
% ! v g M Ve 1 A e a 3 1
nszudlifdenseeglsl anguinlatamuilunsdszivussmurasszyuimnitsanaalssana
ar Ly . . - H A |
10 9% (310 380 V anaunds 350 V) mmsﬂmmn V_erid setting 91MA394 Grid Simulator Wul1
W 9 o 1 3 od e o Y]
seuusurasssuuTmihsaggnandulunseduussiiulssanm 365 V &ungein v, Ve uas Ve
- o [y} o 1 A o owod Y] W o 1 o
Faudussiuuseduuesssuudming lunsaindufuiseduusiuliihvesssuudminegeiy
d -2 ar dl 1 o
Uszaun 10 % WssAulsInY 410 V (Veig setting wisanUanssualWiasaiusativanseeiu
a o 1 & 1 P 1 5
WSIRUYBISEUUTIMINBDIN 410 V TFinABiiiaqud 400 V (Vy Ve wag Vo) 2nfinanunvimug
LAl A d 1 L o 1 ] 2 a
annsoasUlenn insoslamnssudlwiuvuidendeiinssuudmisaunsatisenseauns iy

way anszduuswiu sasssuusmheldsgneliannsnessld

asaauANniasliHn (Active Power Control)

o s . 2 A
mMsmuAuitdelnily (Active Power Control) filugnTmuanisinsurasniaauyas
o 1 a [ 1 1 < =< [] 1 ar -
nssndlwiiudlodisdnwauamlviwosssuudmie nanfslunsdinssuudminedy Active
Power Mnuvasanlviheniu fevdwaldszduussiuvesssuudmbediigaiudu dnnilu
a o

] 4 Ld & o ) d o
nsdlfigmauisidudesandidinisedalndaduaiswiaanssudlniamnsahisvaiugy
o o tJ = 14 & =
Adalwihfudnld dauandhugun 33

P e — -y -y ¢
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LeAre Sgikrg Pover = 650 1YY
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Inverter Power Cutput (kW)
2
-
8
trrverter Voltage (V}

g

| &% of qrtar Capacty
wo [ imErl Settirg Fovee = 603 K37

o 200
100 3% of ragrrar Capatey 1o
areatk Sedtir g Bovegr = 204 %Y
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Ui 33 indeaasnszualvihuanimsmueurindaliln Power Control

d *_ o o ar
inpantanszualrfiridaamansaiuauinddluiitlusedu 30 % 60 % uas 100 %
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yaefiiaFaasnssualni



66

2 )
4

ar {5 1SVURBENTIZUSRUA1EUME (Low Volt Ride h
LVRT)
arwanansalunsuReanzusadus (LVRT fduluuanisiausenaiasulag
nszudliianTnuaudsfasdindnviaiosnmesssruusmie  ndndsiaiestamnssualwi
Faanansovhauldlunsdilussulnihuessszousmies Fusiednviaivsanusssuy
$wiine Famsviheuveaaiemvasnszudlihezsoshldmudoulofuandugui 34

r
' Grid voitege (pu) LINE L

1.00
oGy }.------ Must notbe disconnect . ... ..

0.50 feecanan PR

May disconnect

Time (s}

»

gﬂ‘ﬁ 34 |ow voliage fault ride through, LVRT

d as 1 L% = e Aﬁ oS ar du 4 o
nnFeuladananvesyjiinisiineids 1 Wauidvannsoiiazinnsmadau Low
. 2 o el . . <
Voltage Fault Ride Through, LVRT 19 Tnanislusunsunisyinauaeaases Grid Simulator $Wa

@ =l
ﬂ’]‘i‘ﬂﬂﬂaULLﬂﬂﬂﬂﬁU‘ﬂ 35

3‘1]17;[ 35 Wan1Inedau Low voltage fault ride through, LVRT
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% L‘fJ‘uSaEJSL’Jm 153.8 ms Lﬂ‘i@\?LLUﬁQﬂ'ﬁ%ﬁLLﬁ‘lVIﬁqﬁlﬁﬂqu'ﬁﬂ'ﬂﬁ]5Qqﬂlm%ﬂUﬂ']‘i3w'leﬁ'ﬂﬂ LA
o 1 ar 3 A A o o4 B
IUH'iﬂjﬁlwﬂ']‘UﬂﬂiﬂUUﬁnﬁu’]UﬂaUL{‘JUUﬂVI LﬂﬁaﬂLLUaQﬂiSLLﬂlwﬁqﬁa']ﬂqiﬂﬂﬁ]%ﬂmﬂ'ﬁﬂjﬂmlﬂlaﬁl

nstloaduuseduanazusaguiu (Under/Over voltage protection)

lunsaifussilwihuesssuusmbeivdeguiuefasanszudlnihdosannsongn
msvnulindalifdensudalulissuusiming Wednwaiissnmuesssuuiming uay
Soefusunsioftosmudufunssmadiiuasiatouvasnszualnities §adu nslifinday
gilaauazmsiiihuasuasldimuaszezailuns Trip ves Response Abnormal Voltage 7
wanssfuiusgfuanweansasuausagmhesu WorfuRmsiimendeimutufiausoiiaz
yins@nwiiuluun Under/Over Voltage Protection ¢t ﬁ’auamlugﬂﬁ 36

20363 0 me

gﬂﬁ 36 Under Voltage Protection

4.2 n1sWaen Control Algorithm
s Control Algorithm WunsWmuaiuaudrdslnivessyuy SERT Smart Grid
s Controt Algorithm ﬁﬁwm*ﬁuﬁmﬂiamqu Demand uwag Supply gl Fuzzy Logic Method
msmuauils Demand H¥guszasdifle vimsiamsnislindsauamilaiihdeldiiingndy
suvazandny dublimdeliih Wumsmugumssdalihainedesuvanssudlviilunas
Snwaanlwilussuudming Gnussduuseiulwihlussuudwmine) wisimedi Inputs Tu
svuu Fuzzy Logics uamasaoialyil



Input Parameters

- Battery SOC

- Load Priority (LLP)

- Price of electricity (TOU Rate)
- PV power produclion (Ppv)

- Load power consumption (PL)

Fuzzification

¥

I
I

I

I

I

I .

| Inference mechanism
I

I

I

I

|

I

Knowledges
" | Rule Base " Data Base

Fy

4

Defuzzification
¥ Fuzzy Conlrolter |
¥
Output {Decision Process)
Load Management (DSM) Battery System
- On/OfF building load - Baltery Charging
(Lighting, Air conditioner - Baltery Discharging
- On/OfT Duimmy load

g‘dﬁ 37 Input and output parameters
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STARD
PL,Ppy, SOC, SOC i . PG, VG_bus

Condition No

Yerid={0LM -1.06 P.U

verid=
(0.50 - 0.94P.LL)

-31]17'] 38 Control Algorithm #atla Demand way Supply
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Control Algorithm A Susziduangusfudsiiisdasazanfuaninsand
wsadulvfiwasszuusmireinegludasiifeanisvielal drsvesseduuseduluihiiveusuls
Control Algorithm @¢lu29 (0.94-1.06 p.u.) LLaﬁf\"lLL‘Nﬁﬂ?\lﬁ’]agjuan“ﬁNﬁ Control Algorithm
armvauliszuuinumszduussiiliihnduidunsgludavensuld auiinanudssudu
Wmineudnlumsviwihilues Control Algorithm Siasnisumssanisiaiesuasnszuslii
Tivineilulvium Grid support mode dau’lunsﬂﬁszﬁ’uusaﬁulw"ﬂwag'lwzi"mﬁﬁaammﬁu Control
Algorithm szviwmiiiusuisdanisarsenieldih (Load) Innisdsnasliszuy BEMS vinanu
mupunslandsnuliihldasnadosiuainfiuuy TOU uanvntiu Control Control Algorithm
fifmurduazdniuaunis Charge Uaz Discharge vosuummeiiitatdunsusyninanluls
donangpafiulasaiualwiuuy Tou

Membership Function

Membership function ¥89LUs Input kag Output Tunsweun Control Algorithm Ussnaugiag

ot pondy: 181:

FI6 Varisbias il o, Membarship function plots

y Very-Low Lo Mediim Hlﬁh May

Battery-S0
LP
rf i . PR YT A L AT T T o
H £y 1 ir e R Hhn a7 0 we 1
inpul varisble *PL-PV-Pb"
o ‘ .
JUN 39 Membership Function PL-PV-Pb
vick poris 181
FIS Variablas iy igee,.. Momborship functionplots
1 Varylow Low Medium High Ful

XX

LP

0 0 Y iy S N SRR

I i gt {1t i I s K] i 1

Inpist variabla "Balkey-80C"

5U# 40 Membership Function SOC



Fi8 Variables e e ey Maml:onhlpfungﬂor_lplqtl e

Vary-ow Low Madlumn high Max

LP

ot Isy £k 110 I i Y {ia e

oulpid vadishle “Batkry-Discharge®
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|
5
|
|
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=
==p

41 Membership Function of the Battery Discharge

oot poets: 191

g et e e s e+ s e e s iy

FI8 Variables A ... Momberahip function plots

;,\farylow Low Madium Criticnd

= J A ——— P U T T = R T N T o T R S P
4} D [ [ vl nh i) 0 i (R t

aulput viriable “Load-Clipping”

g‘dﬁ 42 Membership Function of Load Cliping
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Defuzzification
4 . . = o
n15%1 Defuzzification ¥38n15%1 Output 983958UY Fuzzy Balun15vin Fuzzy

. . & i = . £ QF 1 @ 1 ué)
Defuzzification ¥iane38n13s Centriod Method Fanavasnagnistansieseasidune LUl

0.35
0.3
0.25 4
0.2 o
0.15

Lclip

1
08 g6

0.4 0.2 [ a
BSOC 0 nbPY

gﬂﬁ a4 frudsiidinanenisyi Load Clipping

BAT NV

gﬂﬁ 45 Charging and Discharging Mode &3 Battery Inverter
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4.3 §an159e

= A 1 2/ = er d d [ L2
Namsmaamwaamﬂuamdm Usgnauaae 1. Naﬂ’ﬁ'lf\]EJ'ﬂLﬂHQ%QQHUH'\‘E'S(\E']P}EM\’]W

° ' N o d g v o i d Y &
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5 ABSTRACT This paper presenis a fuzzy logic-based algorithm developed for battery storage power

management (BSPM) and demand side power management (DSPM) for the School of Renewable Energy
Technology (SERT)-Smart Grid (SSG) at Naresuan University in Phitsanulok, Thailand. This algorithm
enables lower cost operation of the SSG by utilizing the time of use electricity-pricing concepl and thus
is called the Fuzzy Low-cost Operation (FLO) algorithm. After applying the FLLO algorithm to the SSG,
the BSPM can strategically handle fluctuating PV production by intelligently aliernating between absorbing
power during high solar irradiation periods and discharging power to the load during peak consumption times.
The FLO algorithm also empowers the SSG’s DSPM to decrease the peak load by using SERT’s building
energy management system to disconnect noneritical load as desired, for example lighting, air conditioners,
and dummy heater load (uscd for research tesling purposes). Rescarch results show that the FLO algorithm
successfully decreased SERT’s annual electricity bill by 17.58%, equivalent to a grand (otal of $ 9148 in
annual savings. Of 17.58% in savings, 5.78% came from modifications to the BSPM and 11.81% came
from modifications to the DSPM. The average monthly savings correspond to $762 ($250 from BSPM and

$512 from the DSPM), significant savings that without the FLO algorithm would not be available.

L

demand side management, TOU clectricity price.

I. INTRODUCTION

Today increasing air pollution, global warming concerns,
looming exhaustion of fossil fuels and their increasing cost
have made it imperative to look to renewable cnergy Sources
as a future energy solution [L]-[4]. Solar energy in par-
ticular has high potential in Thailand. Increased renewable
energy systems connected to low voltage distribution sys-
tem have some negalive impacts such as decreased power
quality (voltage variations, frequency variations, harmon-
ics distortion, etc.) [5]-[13]. The ideal solution to these
problems is to use a smart grid system in order to sup-
port the expansion of electricity generation from renew-
able energy systems [14]-[16]. Smart Grid Technology can
reduce transmission losses and lead to large reductions in
GHG emissions. Thailand’s Smart Grid Master Plan (for
2015-2036) was developed under the Energy Policy and

INDEX TERMS Fuzzy logic control, smart grid system, battery power management, demand response,

Planning Office (EPPOY} of the Ministry of Energy [17]. Pilot
smart grid projects, both hardware and software, are being
planned to develop and demonstrate feasibility. The School of
Renewable Energy Technology (SERT) at Naresuan Univer-
sity knows that in the near future a smart grid will be vital for
Thailand and so has developed the SERT-Smart Grid (88G) to
advance this research and to facilitate the soon to arrive smart
grid in Thailand. Demand side power management (DSPM)
has been one of the main focuses for studying and developing
the SSG. The concept of demand response was implemented
throughout all the buildings of SERT. Load, lighting and
air-conditioning can be controlled by the building energy
management system (BEMS).

The term of demand response (DR) refers to a change
in lead usage by the user from their normal load consump-
tion pattern in response lo changes in incentive payments,

2169-3536 © 2018 IEEE, Translations and content mining are permitted for academic research only.
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the price of electricity or available power quality in the
distribution system [18])-[21]. Within DR, price based pro-
grams are a set of tools used intentionally modify elec-
tricity prices in response to various situations. Current
examples are time of use pricing (TOU), critical peak
pricing (CPP), dynamic real time pricing (RTP), and day-
ahead pricing (DAP) {22]-[24]. When the price of elec-
tricity is high, these price base programs can be used to
encourage the end user to reduce their electricity consump-
tion [25], [26]. Incentive based programs are another type tool
within the DR concept, which atlows utility administrators
to switch noncritical load on and off when demand is too
high and could compromise system power quality and system
reliability [18]-[21].

Battery Storage Systems (BSS) are an essential part of any
Smart Grid because BSS support grid network stability by
establish and maintain a balance between fluctuating power
generated from the RE system and load demand that is using
that power. BSS benefits the grid operator by assisting in
grid network operations such as peak shaving, load shifting,
load Jevelling, frequency regulation and voltage stability con-
trel [27], [28]. BSS also benefits the customer by enabling
them to manage their own energy demand; with BSS cus-
tomers can store electricity at their own site, either electricity
from the grid, or electricity from their own on-site RE gen-
eration system and then discharge it later when needed. This
can increase the use of demand-site generated eleciricity and
thereby reduce the amount of additional electricity needed
from the grid [29], [30].

The purpose of this research is 1o develop an algorithm for
controlling battery storage and demand side power manage-
ment in the SERT-Smart Grid (SS5G) and in this way save
electricity cost. This control algorithm has been developed
by applying fuzzy logic to BSPM and DSPM, providing more
economical operation of the SSG by using time of use pricing.
This Fuzzy Logic Operation (FLO) Algorithm has already
been tested and is currently deployed in actual operation
throughout the 88G, smoothly and efficiently managing both
BSPM and DSPM. The FLO Algorithm is a boon for both
grid users and administrators, not only reducing eleciricity
costs but also increasing stability and reliability of the whole
grid network, because electricity demand on the grid during
peak time is reduced providing the balance between supply
and demand.

Il. SERT-SMART GRID

The School of Renewable Energy Technology (SERT)
at Naresuan University established a 120 kW Microgrid
system in 2005. This system was built for school con-
sumption, demonstration and research purposes. As SERT
expanded, additional RE components were installed: a batlery
energy storage system and a monitoring & conirol system.
These transformed SERT’s Microgrid into the SERT Smart
Grid (SSG). S8G’s infrastructure, shown in Figure 1, com-
prises 350 kW of ground mounted PV arrays, 50 kW PV
of rooftop systems, 500 kWh of battery slorage capacity in
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FIGURE 1. The SERT smart grid (55G).

(VS RY ol LA Danibution Sy dem

$2: B ol PLA | Ealribaitivg By xicm

PEEAY

(HMr fapiubibi Loy

'EEE)

SLADA Coneol DEMS
\ ARGUNO W al 1 RF Dhi<ribagion Syvon

e
T kW . E’ﬂ
£33 ﬁ

PV =8 P
wkw  I0dkh bW

Tw TR

‘]] U A I
=2 l
A 10 KW Dilillng
- DD i SERT Ballding @5 ‘
T s Smnimr‘:luiT:ril'ng 1 1 1 ‘1 ) 1 1 i B

LSS 1510 3 Testing Mailding IR e
131§ is Academie Bufiding T ke s
TFis (20 kW Muildieg ‘“" -

IV U

PV LW

FIGURE 2. Schematlc diagram of the SERT smart grid (SSG).

3 units and 600 kW capacity of grid inverters in 22 units,
all managed through a SCADA system. The newly installed
BEMS manages energy efficiently in all the buildings of
SERT. The SSG system functions seamlessly in both grid
connected and island modes to ensure uninterrupted power
supply to the campus. Demand and supply balancing is car-
ried out using a SCADA systcm and BEMS.

The control and monitoring system of SSG consists of iwo
parts; the first is the SCADA system, which controls the grid
inverter and the battery inverter. Among its many functions,
SCADA manages alternation between grid connected mode
and island mode. SCADA not only controls the electric power
but also continually monitors and records numerous electrical
parameters concerning system performance, power quality,
load power and meteorology, delivered in one minute infer-
vals. The second contrel and monitoring component of S5G
is BEMS, which can manage lighting and air conditioning
loads remolely from any internet connecled device. Time
scheduling can be set for certain loads to turn them on or off.
These sorts of modernizing compenents and automated
operations can significantly improve performance, reduce
losses and reduce the cost of operating the SERT Smart
Grid.
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Ill. DEVELOPMENT OF THE FLO ALGORITHM

After collecting exiensive data on the 8S8G, and analyzing
both the advantages and disadvantages of the original sys-
tem, an algorithm operating with fuzzy logic (FL), the FL.O
Algorithm, was developed to greatly increase control of the
BSS and load for maximum economic operation. Fuzzy logic
method (FLm), a flexible and powerful tool with much poten-
tial for elecirical power systems, is similar to human beings’
feelings and a decision-making processes. Fuzzy logic con-
trol is a range to point or range-to-range control. The output
of FLm is derived from Fuzzifications of both input and
oculput using the associated membership functions [31]-[33].
A crisp input will be converted to a membership function
based on its value. In this way, the oulput of FLm is based
on the various membership functions, each of which can
be thought of as a range of inputs. FL techniques have
been widely applied throughout many aspecis of modern life.
Implementing fuzzy logic in a real application involves three
essential steps: 1. Fuzzification, to convert crisp values to
fuzzy data using membership functions (MF), 2. Inferance
process, lo process MF within scts of rules or laws o develop
the fuzzy output and 3. Defuzzification, to determine the
correct output. Fuzzy logic controller of the FLO Algorithm is
shown in Figure 3. The FLO Algorithm consists of BSPM and
DSPM, which were developed by fuzzy logic, It performed
well in electrical power application like SSG. The advantages
of the FLO Algorithm was achicved; maximum of RE energy
source, load leveling, load balancing and cost efficient.

Input Parameters
- Battery SOC
- Load Priority (LP)
- Price of electricity {TOU Ralc)
- PV power production (Pyv)
- Load power consumplion (PL

Fuzzification

¥

Inference mechanism P Knowledges
nieren " | Rule Base " Data Base

;

&

Defuzzificalion

¥
Output (Decision Process)

Load Management (DSM)
- On/OIT building load
(Lighling, Air conditioner

- O/OIF Dummy load

Baltery System
- Battery Charging
- Baltery Discharging

FIGURE 3. Fuzzy logic controller of the FLO algorithm.

The input and output parameters of fuzzy logic controller
are showed in Figure 3. The FLO Algorithm, which was
developed for SSG is illustrated in Figure 4.
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The purpose of the FLO Algorithm is for economic opera-
tion of the S8G, reducing the price of electricity consumption
by using variable TOU pricing. It means that the pricing is
according to peak and off peak time. In Thailand, the electric-
ity price is $0.122 per kWh during peak times and $0.079 per
kWh during the off peak times, The control strategics empow-
ers to manage a DSPM and BSPM following the peak and off
peak times.

During peak times, if PV production is higher than PL. and
the state of charge (SOC) of the battery is lower than 0.98.
The SSG system designed to charge the battery by using Fl.m
(Charging mode}. Inputs parameters concerning the charging
mode are, SOC of the Ballery, PV power production (Ppv)
and load power (PL). If Ppv is still higher than PL plus Pb
{Power of battery) then SSG system will look for load filling
{Turn on load for using electricity from PV system) by FLm.
The parameters of this process consist of Ppv-PL and load
priority (P} that is a capacity of load which is able to turn
on in percentage. After this process, if Ppv is still higher
than PL 4 Pb then SSG order to inject electrical power to
grid (PV1G). The advantage of the FLO Algorithm during the
peak time when Ppv higher than PL is to maximize the use of
electricity from the PV system.

During the peak times, if Ppy < PL and the SOC > .
SOCmin (0.35) then the SSG designed to discharge the
battery system by using FLmm to decrease the peak load
and to decrease energy demand during the peak period.
Input parameters in this process consist of Ppv-PL and the
SOC of the batteries. The battery will discharge until SOC
is equal to 0.35 then the process will stop. On the other
hand, il the SOC < SOCmin (0.35) then the process is
directed to decrease the load power by using the load crip-
pling process. Describable, input parameters in this process
consist of load priority (LP) which is the capacity of load
power that can be turned them off for decreasing the peak
load. The advantage of this process is to decrease the peak
load and energy demand during peak time by BSPM and
DSPM.

During off peak tlime, PY-P > 0and SOC < 0.98 then S§G
will operate as the charging mode by FLm. Input parameters
in this process consist of Ppv-PL and SOC of the battery.
If PV-PL-Pbatt > 0 then the S8G will look for a load filling
process. The load filling was designed by using FLm. Then if
PV-PL-Pbait > 0 the electricity will be fed to the grid (PVtG).
The advantage of this process is to maximize the use of
electricity from the PV system.

During off peak time, PV-PL < 0 and SOC < 0.98
then S8G will operate as the charging mode by FL. method.
Input parameters in this process consist of Ppv-PL and
SOC of battery. This process will fully charge battery
(S80C = 1 by theory). The electricity in charging pro-
cess comes from the main grid (GtB) because during
oftf-peak period, electricity cost is cheaper than peak time.
The advantage of this algorithm is the battery will perma-
nently be full capacity waiting for the next coming peak
time,
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FIGURE 4. Fuzzy logic operation algorithm {Flo Algorithm).

A. MODEL OF CONCERNED PARAMETERS

This research mainly focuses on battery and load manage-
ment. The model of both paramecters can be described as
follows.

1) BATTERY

The battery state of charge (SOC) is very important for
battery management during charging mode or discharging
mode. 8QC is estimated based on the amount of power
charge or power discharge that has been extracted from the
battery [34], [35]. The SOC value can be simply calculated
as follows.

S0C = aSOC. + (1 —a)50C, (0

Where, SOCc is the Coulomb-counting based on SOC and
SOCv which is the voltage-based SOC. Term a{e [0, 1]} is
the weight factor. SOCe is calculated based on the amount of
charge and discharge. SOCc can be estimated as follows.

!
SOC, (1) = SOC, (0) — — f [t de )
QJo

Where,  is a constant that relates to the current with
charges (£}, 8OC v is an estimation based on the open-circuit
voltage (OCV) of the battery. It is defined as the vollage
between the anode and cathode of the battery when there is no
external load connected and no external current between the
terminals. The relationship between OCV and SOC is given
as below.

OCV (1) = aSOC() + b A3)

VOLUME s, 2018

Where is a slope of SOC decreasing and increasing during
charge and discharge modes. b is a constant determined by
the test measurement.

2) LOAD MANAGEMENT

In the SSG, the energy sterage system (ESS) can work as
a load during charging mode. On the other hand, ESS can
work as a generator during discharging mode. Therefore,
it is able to perform a peak shifting to reduce the peak load
consumption during the peak time. It results in improving the
economic operation of the S5G by load shave management.
Load shave management refers to the reduction of large
fluctuations in energy demand. During the peak time, total
power production ability of RE system (DGgrgs) in 858G is

PpG,peak [36]
PG peak = z - kPDGi @
peal

‘When, Mpeak is the set of all DG; that operate during the peak
period. The desired load level (Pjgyer) is designed as economic
load shave management for ESS in S8G operation during
peak and off peak times. The energy consumption during the
peak time for the next day is required as follows.

Th,peak
Epeak = f (Pp (1) — Pleyer)dt 5
Ta,peak

The total energy demand for ESS during peak time is the load
shaved by by Pigyvel-

(8OC o5 — SOC i) X Erq = Epeak (6)
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FIGURE 5. Membaership functlons of PV power production.

All parameters were converted into membership functions by
Fuzzification process and then go for others process of fuzzy
logic method as describe below.

B, FUZZIFICATION
Fuzzification is the process (o convert crisp values to fuzzy
data using membership functions (MF). Input parameters
concerned economics operation of SSG consists of Verid,
SOC, Ppy, PL., and LP as showed in Figure 3, All parameters
were converied in to the membership function as listed below.
Figure 5 illustrates the membership functions (MF) of PV
power production (Ppv) which was classified info ranges
of MFE; very low, low, medium, high and max based on power
production in percentage of capacity at any instance of time.

TABLE t. Ranges of membership functions of Ppv.

MF (Ppv) | Vary- Low Mediumy  High Max
Low

Ranges - | 0-0.2 0.1-0.4 0.3-0.7 0.6-0.9 0.8-1

Ppv{kW) 0-24 12-48 36-84 72-108  96-120

The range of Ppv's MF was in between 0 to 1, 1 is mean
100 % of PV power production (120 kW),
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FIGURE 6. Membership functions of load power consumption.

Figure 6 shown the load power demand (PL) consumption
which was divided into ranges of MF; very lower, low, high
and very high base on load demand in percent of capacity at
any instance of time. The maximum power demand in this
research was 240 kW,

The range of PL's MF was in between 0 to 1, 1 is mean
100 % of load power demand (240 kW).

Figure 7 shows the battery state of charge (SOC). It is
divided into ranges of MF; very low, low, medium, high and
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MF (PL) Vary-Low Low Medium High
Range 0-0.3 0.2-0.5 0.4-0.8 0.7-1.0
Load (kW) 0-72 48-110 96-192 168-240
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FIGURE 7. Membership functions of battery SOC

TABLE 3. Ranges of membership functions of SOC.

MF(S0C) | Vary-Low  Low Medium  High Full
Range 0-03 0.2-0.5 0.4-0.7 0.6-0.9 0.8-1
50C 0-0.3 0.2-0.5 0.4-0.7 0.6-0.9 0.8-1

TABLE 4, Ranges of membership functions of LP.

MF(LP) Vary-  Lew Medinm Critical

Low available available
Range 0-0.2 0.1-0.4 0.3-0.55 0.5-1.0
Load Power (kW) 0-32 24-96 72-132 120-240

full that based on the available charge capacity in percentage
at any instance of time.

The range of SOC’s MF was in between 0 to 1, 1 is mean
100 % of battery full capacity (SOC equal 1).
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FIGURE 8. Membership functlons of load priority (LP).

Figure 8 illusirales the load priorily, il is the capacily of
load, which is able to disconnect in emergency cases or as
an economic operalion. LP was classified into ranges of MF;
very low, low available, medium available, Critical. The criti-
cal loads is the load demand, which was unable to disconnect
because this load was the base loads about 50 % of S8G total
load.

The range of LP’s MF was in between 0 to 1, 3.5-1 is unable
to disconnect.

TOU electricity prices in this research was referenced from
Provincial Electricity Authority (PEA), Thailand. Eleciricity
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TABLE 5. Electricity price at TOU rate.

Electrlcity Price (USD)
Distribution Voliage Peak Time (high) Off Peak Time
(Low)
22 kv $0.122 $0.079

The peak time is at 2.00 A.m. — 22.00 P.m p
The off peak time is on Salurday .Sunday and others official holidays
1 USD (U.S. Dollar}= 33 THB {Thai Baht)

prices were divided into two rates, high value during peak
time and low value during off peak time as show in the
Table 5 [37].

C. FUZZY INFERENCE

The Fuzzy Inference Process is the combination of member-
ship functions with the knowledge, rule base and conirol rules
to refine the fuzzy output. The fuzzy control rule is considered
as the knowledge of experienced persons in any field of
application. A fuzzy IF-THEN rule membership described
linguistic variants and fuzzy scts to investigate a fuzzy out-
put or conclusion. Fuzzy inference of the FLO Algorithm
consisted of battery charging and discharging modes and load
filling and clipping modes during peak/off peak time as show
in Figure 4. An example of Fuzzy inference of the FLO
Algorithm is battery-discharging process as show in Table 6.

TABLE 6, Furxy inference of discharging process.

Rule baie No.

Tapirs/Oul pafy MFe
Farameiern Lf2]|3)a]|s|6|7|&]e|tofun|12]a3{14|15]16|07|18]19[26]20]22]23)24[15
Vary Tow
In) r kel Low
Mr':,rpv " [k
|idigh
lulLd
Yoy Low
Low
Topsl
BatieryspC  Pocdium ]
|High
Fall
Vary Low
Outpnt  |Low ]
Baliery Medium
Dlacharging |1igh ]
M [TTTT1 |

D. DEFUZZIFICATION

The defuzzification process converses the fuzzy output to a
crisp output, number or digital output to the control objec-
tive of any related field of application. After the inference
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process, the output is still has linguistic variants, it needs to
be converled to the crisp variable outputs, which is easy to
understand for controlling the equipment. This research used
the centroid method as show in equation 7.

crisp f ﬂp(x)-xdx
viput f Uy (x) odx
When, D%, is the decision output of BSPM and DSPM and
1p (x) is the degree of output membership function.

The outputs by Defuzzification of the FLO Algorithm for
the SSG were simulated with the academic version of
MATLAB. The outputs of the FLO Algorithm can be sep-
arated into two parts, first is BSPM, which consisted of
battery charging and discharging mode and second is DSFM,
which consisted of load filling (load connect) and load clip-
ping(load disconnect). The examples of outputs of the FLO
Algorithm were followed, Figure 10 is a baitery discharging
mode, Figure 11 is a battery charging mode and Figure 12 is
a load filling mode.

D M

<
@

<
n

Batlery-Discharge

it
- M

0.5

0.5

Baltery-SOC o 0 PL-PV

FIGURE 10. Output of the FLO Algorithm for battery discharging mode.

og "8
Lk Qsktary 8OC

FIGURE 11. Output of the FLO Algorithm for battery charging mode.

IV. RESEARCH RESULTS AND DISCUSSION

As previously mentioned, the prime mission of the FLO
Algorithm is to decrease power purchase from the main grid
during peak times and also to maximize use of electricity
that can be sourced from PV systems (as opposed to elec-
tricity purchased {rom the main grid). Tests of the FLO
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FIGURE 12. Qutput of the FLO Algorithm for load clipping.

Algorithm went well, and its performance and ouipul were
successful. The results of the experiment illusirate how load
shaving, peak load clipping and load filling are conirolled
and managed in a balance between two main enfities in
the 8SG. The first entity is the BSPM, which discharges
electrical power during peak times in order to decrease the
amount of electricity that must be purchased at the high
price. Conversely, electricity is charging the batieries during
off peak times when the price is low. Power is also sent to
charge the battery when PV power productlion is in excess of
what is being used. The second entily is the DSPM, which
disconnects noncritical loads (for example cerlain lighting,
air conditioning and heating} during peak time. The operation
results of the §8G equipped with the FLO Algorithm are
shown in Figure 13,

—Ppy —=~Dl. —-PL-DSPAL ~—PD-BSPEN —PL-IME ~—50U

=
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28 35 8 2
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Electrical Power (W)

FIGURE 13. Operatlon of the SSG when equipped with the FLO

Algorithm (PL-DSPM Is load power that is managed by DSPM, Pb-BSPM is
battery power that is managed by BSPM and PL-EMS is load power is fully
managed by the FLO algorithm).

Figure 13 shows that during peak times, load (i.e. power
consumption) is decreased by the DSPM. This process
decreased the load by 11.81 %. This was calculated from the
difference between PL and PL-DSPM. During battery dis-
charge, energy demand can be decreased by about 18.98 %.
During peak time, 30.79 % of electrical energy demand was
decreased by the DSPM and the BSPM. During off peak time,
the FLO Algorithm directs the SSG 1o charge the battery
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when the battery SOC is lower than 0.98. This is when the
batleries are charged from the main grid, because the price
of electricity is lower than during peak time. The battery
always needs to be charged to full capacity prior to the next
coming day. In Figure 13, when the BSPM line (purple)
dips below zero (on the left vertical axis), that means the
battery is discharging, and when the BSPM line is above zero,
the battery is charging. During this process, the normal and
unavoidable energy loss was 6.82 % from the charging and
discharging processes, these losses depend on the efficiency
of power conversion units in the system.

P —PL-DSPM

—PL-EME S

Elrriceal Power 0V >

FIGURE 14, 55G's response fo the BSPM and DSPM to decrease the load
demand at peak time. (DM = discharge mode, CM = charge mode).

Figure 14, shows that the SSG responded correctly accord-
ing to the vision of the applied the FLO algorithm, chang-
ing the load profile as planned. The load demand decreases
during the peak time in response to the DSPM and BSPM
(P-ESM = PL — Ppv — PL-EMS). The SOC of battery storage
(seen in Figure 14) decreases during discharge mode (DM)
and increases during charging mode (CM). During off peak
time, electricity prices are lower than during peak time, so if
the SOC is not full (SOC > 0.98), the FLO Algorithm directs
it to charge until SOC reaches full capacity.
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FIGURE 15. $5G’s load profile before (orange) and after (blue) application
of the FLO algorithm. (E-price is electricity prices).

Figure 15, shows how the power load without energy
management (orange, PL) is high during peak time,
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FIGURE 16. Percentage for energy consumption in the §SG (EL-GHL is Joad
demand that is supplied from main grid, EL-total is the total energy
consumption, E-supply is total energy supply to the load include loss
from battery charging/discharging processes).
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FIGURE 17. Electricity costs saved by the DSPM and BSPM with the FLO
Algorithm {Eg/Elt is the percentage of electricity from maln grid per total
energy consumption, Epv/Elt is the percentage of electricity from PV
system per total energy consumption, EL-DSPM/Elt is the energy demand
that is managed by DSPM per total energy consumption, EL-BSPHM/Elt is
the energy demand that Is managed by BSPM per total energy
consumption).

corresponding 1o the University’s normal pattern of electricity
use. The staff and students have classes and other activitics
from 8.00 a.m. — 16.30 p.m. The BSPM following the FLO
Algorithm (blue PL-EMS) applies load shifting so that the
battery discharged electricity to load demand during peak
times for decrcased electricity purchase from main grid.
During this period, if PV output is higher than load consump-
tion, electricity is charged to battery system, i.e. during the
off peak periods. The set start time of the charging mode is
11:00 PM, because very few people arc working at that time,
corresponding to very low load demand. In contrast, during
peak times the battery was discharging in response to energy
demand.

The annual operation results of the SSG with the FLO

Algorithm found that, average total energy consumption
(BL-total) of the SSG was 38,295 kWh/month, this among
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of electricity consumption was supplied from PV system
about 13,866 kWh/month. The electricity demand during
peak time was significantly decreased by DSPM and BSPM
about 4,191 kWh/month ang 7,071 kWh/month, respectively.
The BSPM manages the SSG to charge the battery during off
peak time when battery state of charge is not full on the other
hand battery is discharge to electricity demand during peak
time for decreased electricity purchase from main grid. The
elecirical energy sharing in percentage compare to the total
electricity consumption, which was supplied about 36.98 %,
11.06 % and 18.90 % by 120 kW PV system, DSPM and
BSPM, respectively. '

T -THSPA m GiB O (L Peak =O0=DSPM saviug =em=DSPM_soving

12,000 - — 00
‘B
CS 10000 600 é
& w00 =
E som TE
= 10 &
iR =
2 6000 g
g 00 2
2 o0 |0 E
& 40 o E
¢ 200 B
5 : @
Ll 1
[¢] 1

Jan Feb Mar Apr May I Jul Aug Sep Oct Nov Dee

FIGURE 18. Electrical energy and cost saving by applied the FLO
Algorithm (GtB_off is electricity is charged to battery from main grid
during off peak time, BiL-peak is elecirlcity is discharged from battery to
load demand during peak ime, BSPM_saving is total amount of money
saving by BSPM, DSPM_saving is total amount of money saving by D5SPM).

Figure 18 indicated that during the off peak time, especially
at nighttime, the FLO Algorithm commands to charge the bat-
tery permanenily full capacity by purchasing electricity from
the main grid. Charge and discharge electricity processes of
baltery storage system Lo minimize purchased electricity from
main grid, the electrical energy loss was 6,82 %. This energy
loss be influenced by the efficiency of power conversion
system (PCS) which was installed in 8SG. Although, during
this process cnergy loss was occurred but it is worth to follow
this process because the process significantly enable to save
money. Forasmuch, the TOU electricity prices is so different
about 34.74 %, it is calculated by prices of electricity during
peak time ($0.122/kWh) and off peak time ($0.079/kWh).
Thus, the S8G with the FL.O Algorithm designed to charges
the balteries during off peak times at a lower price of elec-
tricity on the others hand discharged electricity from battery
to load demand during peak times for decreasing purchased
electricity from the main grid.

This process, BSPM pretty save money about $3006/year
or 578 % when compared to total electricity bill
(52,021/year). 5.78 % of saving is rather small amount but
this value is direct proportion to the capacity of baltery
storage and load. During BSPM process enables to save
money about 29.94 % {Analyzed by charge battery with
low price during off-peak time on the other hand discharge
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clectricity with high price during peak time}. DSPM reduced
the electrical energy demand by disconnecled noncritical load
(certain lighting, air conditioning and heating) during peak
time. This process (DSPM) can significantly save money
aboui $6,144 per year or 11.81 % when compared to total
electricity bill. Figure 19 indicated that after applied the FLO
Algorithm into the $SG, the monthly electricity cost was
significantly decreased. The total annual eleciricity cost was
saved $9,148 or 17.58 % when compared to total annual
electricity bill, :
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000 . ___ —
5,500 | saving mopey by
7 a Flo algorithm
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FIGURE 1. Monthly electricity cost compared between with and without
the FLO Algorithm applied to the SSG (Ecost without_Flo is electricity cost
of the $5G without the FLO algorithm, Ecost_with_Flo is electricity cost of
the SSG with the FLO algorithm}.

V. CONCLUSION

The School of Renewable Enerpy Technology (SERT) antici-
pates the importance of a national Smart Grid in Thailand and
so developed the SERT Smart Grid (SSG) as a research vehi-
cle to prepare for the future. The FLO Algorithm skilifully
manages power load and ballery storage systems (o optimize
operations in response to peak and off peak eleciricity prices
for the most econoemical outcome. A smart and advance
algorithm enables to decrease the negative impacts of power
fluctuation from RE systems and allows thein o make quick
and correct decisions. An importance of applying the FLO
Algorithm in SSG significantly reduced cost of electricity
by two entities, demand side power management (DSPM)
and battery storage power management (BSPM) following
Time of Use (TOU) pricing, DSPM can monthly reduce
cost ol electricity about 11.81 % and BSPM, charge and
discharge strategy of battery storage system can pointedly
reduce 5.78 % compared to total electricity bill and 29.94 %
during BSPM process. For the process of BSPM, unavoid-
able energy loss during charging and discharging processes
was 6.68 %. In conclusion, the FLO Algorithm, encompass-
ing both the BSPM and DSPM, can significantly reduce the
SSG's eleciricily costs, about 17.58 % or $9,148 per year. The
amount of money saved is directly proportional to the differ-
ence between the peak rate and off-peak rate (which the FL.O
Algorithm strategically leverages by intelligently managing
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the BSPM and DSPM) as well as the baltery storage capacity
and load volume. Today as avenues are sought lo decrease
consumption of fossil fuels, A Smart Grid empowered with
an innovative, intelligent algorithm is a robust solution for the
near future,
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Abstract: This paper presents a fuzzy logic based algorithm developed to bring smart functionality to
an ordinary PV-battery system in order to maintain the grid voltage stability of the 22 kV distribution
system in Thailand. This research focuses on minimizing grid voltage fluctuations by converting a
typical PV system into a smart PV-battery system (SPVs-BS5). A SPVs-BSS will be able to control
the electrical power from a PV system to maintain the grid voltage in case of unexpected events or
emergencies. Grid support functions such as a variable reactive power control and active power
control will be discussed, leading to strategies for charging and discharging the battery system in
response to the status of grid voltage. Fuzzy Logic was used to develop this control algorithm,
which is named the Voltage Stability Fuzzy Logic Algorithm (VSFI, Algorithm). The methodology
of this research consists of three parts. First, testing the grid inverter operated on grid support
functions. Second, the VSFL algorithm was developed o manage both the grid inverter and the
battery system. Third, a SPVs-BSS equipped with the VSFL algorithm was simulated by using
Digsilent PowerFactory software. Results showed that the SPVs-B35 equipped with the VSFL
Algorithm successfully maintained grid voltage in target range.

Keywords: smart PV system; fuzzy logic; inverter power management; battery power management

1. Introduction

Nowadays the use of renewable energy in Thailand has grown significantly due to electrical
demand and electrical market competition. Solar energy has great potential in Thailand. Photovoltaic
(PV) power generation in Thailand is growing at a rapid rate, in part because in 2007 the government
created an incentive in the form of an Adder (8 baht/kWh) for PV power plants. That Adder was
followed by a Feed-In Tariff (6.5 baht/kWh) [1]. The government is providing incentives not only
large scale solar power plants but also for small scale PV rooftop systems of 1-10 KW capacity, which
are spreading all over Thailand. In 2018, the total capacity of PV systems in Thailand is greater
than 3 GW [2] as shown in Figure 1. PV systems can generally be divided into two groups: ground
installations and rooftop units. The systems are connected to the grid at distribution level (22 kV or
Lower) or transmission level (115 kV) [3]. Normally traditional distribution networks are designed
with one-way power flow from a point of high voltage (or medium voltage) to a point of low voltage
but in the new concept of modernized distribution networks (Smart Grids), the voltage at the end of
the load can be greater than the feeder supply voltage [4-9].

Energies 2018, 11, 1730; doi:10.3390/en11071730 www.mdpi.com/journal/energies
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Figure 1. PV system installation in Thailand.

This characteristic of the feeder is due to the impact of grid connected PV systems. The increasing
number of PV systems connected to Low Voltage Distribution Systems (LVDS) has some negative
impacts on EVDS such as lower power quality (Voltage variations, frequency variations, harmonics
distortion, etc.) and less power control (Power factor, Power fluctuation) [10-16]. If the PV generation
is greater than the local demand at the point of common coupling (PCC), the excess power from PV
inverters may produce reverse power flow in the feeder, which would have a negative impact on the
LVDS. Grid voltage rise is the major problem when electricity is fed back to the grid by PV systems.
According to the interconnection code of PEA, the acceptable range of voltage in the distribution is
+10% of nominal voltage [17]. 80% of PV systems are connected to the LVDS. Voltage rise is major
problem of this extensive integration of PV systems. Many countries have experienced problems from
having a high share of PV systems integrated to LVDS. The problem has occurred notably in those
countries, which promoted electricity production from renewable sources and then enhanced their
installation capacity to Giga-Watt level for examples, Germany, Australia, Italy, Spain Switzerland,
Belgium, China and Japan [18-24]. Without proper, prompt solutions for these problems, electricity
production from renewable sources will not succeed. In light of that problem, the current study seeks to
mitigate voltage fluctuation caused by high PV system penetration by converting a typical PV system
into a smart PV system. The concept of a smart PV system in this research refers to a battery storage
system being integrated with a PV system and improvement of the inverter’s ability to maintain grid
voltage stability [25,26]. Having a control algorithm also important for a smart PV system and therefore
this research will develop a control algorithm using Fuzzy Logic. Fuzzy logic is an effort to represent
the human reasoning methods. It can control a complicated system that would be hard or problematic
to control by any others method. Fuzzy control algorithm is popularly used to apply throughout many
aspects for modern electrical system. The purpose of the algorithm development in this research is
to maintain the distribution voltage into the desired range (0.96 p.u.~1.06 p.u.). The typical 22 kV
distribution system integrated with a typical 8 MW PV power plant in the northeast of Thailand
also has the problem on voltage rise when a high amount of active power production from the PV
system fed to the distribution system. This case will be studied in order to find the robust solution for
maintaining the distribution voltage into the target range by controlling two entities, the battery power
management and inverter power management. The operation of a smart PV system equipped with a
control algorithm will be studied for distribution voltage stability. A smart PV system empowered
with a proper algorithm is a solution to reach the Thailand target of 6000 MW PV capacity installation
in 2036.
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2. Research Methodology

The research methodology in this research can be divided into three steps. First, the grid inverter
was tested in electrical laboratory at the School of Renewable Energy Technology (SERT) at Naresuan
University. The grid inverter is tested for its grid support functions (active and reactive power control),
while the BESS is tested for its charge/discharge impacts. The results of these tests show that both
components have the ability to affect grid voltage stability in the various expected ways and have the
potential to be used and managed in combination to maintain overall grid voitage stability. Next an
algorithm, called the VSFL Algorithm, is developed to manage these various capabilities of the grid
inverter and battery storage system of a smart PV system in combination, using fuzzy logic. Finally,
the VSFL Algorithm is tested by using Dlgsilent PowerFactory software (research license of Naresuan
University, School of Renewable Energy Technology, Thailand) to run two simulations. The first test
simulates a typical PV system connected to a 22 kV distribution system and the second test simulates a
smart PV system operating with the VSFL Algorithm, also connected to a 22 kV distribution system.

The aim of running the two simulations is to confirm whether the algorithm, by managing the
added a BESS, will indeed be able to maintain grid voltage stability. All these steps of the research

methodology are shown in Figure 2.

Test the Grid Inverter

in SERT"s Labolatory
I
4 1
Grid Support Functions Safety functions
{Active and Reactive power control) {(Under and Over }

I |
Analysis the Test Results
(Advantages and Disadvantages )
Develop Control Algorithm by Fuzzy Logic
(The VSFL Algorithm)

Simulation by
DIgSILENT

Simulation Results and discussion

Figure 2. Research methodology.

3. Test the Grid Inverter for Grid Support Functions

Grid inverter capability was tested in electrical laboratory on grid support functions and safety
function to understand the process of maintaining the distribution voltage into the acceptable range.
The main components of SERT’s electrical laboratory consisted of, regenerative grid simulator, battery
storage, RLC electronic load and measurement system as shown in Figure 3.
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Figure 3. SERT Elecirical Laboratory.

The electrical laboratory can simulate the parameters in order to simulate real grid environments
and conditions. The regenerative grid simulafor can create a need for rigorous regulation testing
to standard such TEEE 1547, IEC 610003-15 and IEC 62116. The grid simulator allows users to vary
relevant parameters such as phase angle, voltage amplitude, voltage drops in either single or three
phase modes. Moreover, unbalanced three phase conditions can easily be simulated. The function of
grid support of inverter will be tested and simulated in this laboratory.

Voltage Rise Caused by PV System

As described in the introduction, main problem of high penetration PV system integrated within the
distribution system is voltage rise, it may over than over limit of the country requirement. For clearly
understand a simplified two-bus system integrated with a PV system is presented in Figure 4,

Figure 4. Thevenin equivalent of a typical PV system integrated to distribution system.

Consideration, Z, and U,;, are the Thevenin impedance and the Thevenin Voltage. Where, I,
and S, are the net feed current and net apparent power, respectively. Ipy is the PV feed in current
and [; is the load current. P is real power and (Q is reactive power. Up¢ is the voltage at point of
common coupling (PCC). The net feed-in current (¢} can be calculated as Equation (1) [27].

S
Hnf
Ly=1py—I = 1
AL (Hpcc) M
Ly = (E- 18 (2)

gth
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The voltage at PCC can be calculated as Equation (3).
Upce = U + Zy, % Lys 3
Suppose that Zy, = Ry, + jxg the Upcce can be written as Equation {4). Where, Ry is resistance
and X, is reactance,

PXRM‘FQXXH:+jP><Xm_QXRm

Uy, Um

Upce = Uy + ) (4)

= Uge + fUpm (5)

where Ug, and Uy, are the real and imaginary parts of Upcc, respectively. The voltage magnitude can
be calculated as Equation (6).

Upce = uﬁe + U3 {6)

In

Therefore, the approximate voltage magnifude at PCC can be simplified as the Equation (7) [27].

Px Ry +Q x Xy,

Up ™

Upce & Uy +

4, Test Results of Grid Inverter

Grid support functions of grid inverter in this research was mainly focused on reactive and active
power control depending on grid voltage as follow.

4.1. Reactive Power Control

Reactive power control is a commonly chosen tool for maintaining the distribution voltage within
an acceptable range. When the distribution voltage is in a dangerous range (i.e., above or below
the acceptable range of 0.9 Vn-1.10 Vn), the grid inverter and battery inverter have the ability to
activate reactive power (either lagging or leading) to manipulate the grid voltage. Activating lagging
reactive power will lower critically high grid voltage and activating leading reactive power will raise
critically low grid voltage [28,29]. The ability to control reactive power for the purpose of stabilizing
voltage is an important resource and tool for network operators. Consequently, Thailand’s Provincial
Electricity Authority’s (PEA) Power Network System Interconnection Code of 2016 (PEA grid code
2016) requires all PV systems to be able to supply not only active power but also reactive power to
the distribution system. Specifically, the PEA grid code 2016 mandates the reactive power capabilities
of PV system inverters depending on their electrical capacity. Inverters with a capacity of 500 kW or
higher are required to be able to adjust their power factor (PF) between 0.90 lagging and 0.90 leading,
while inverters with a capacity lower than 500 kW are required to be able to adjust their PF between
0.95 lagging and 0.95 leading. Given the PEA grid code 2016, the reactive power capabilities of grid
inverters should be a dependable resource to network operators for maintaining the grid voltage
within the acceptable range. For this reason, ability of grid inverter and battery pcs were tested in
SERT"s electrical laboratory according to reactive power control. The test results of the grid inverter
and battery pcs on grid support function, reactive power control for maintaining the grid voltage are
described below. The lest results of reactive power control of grid inverter and battery PCS can be seen
in Figure 5.

Figure 6 shows the operation of grid inverter on grid support function, when grid voltage was
higher than normal voltage so bus voltage can be decreased by absorbing the reactive power. On the
other hand, grid inverter and battery pcs provides the reactive power support in case of grid voltage is
lower than the normal voltage (1 p.u. of Vn is 350 V) so the grid voltage can be increased. According
to the Beginning of the test (Figure 6), grid voltage setting at the grid simulator was lower than Vn at
0.90 Vn, during this situation the grid inverter operated at the PF 0.90 lagging to inject reactive power



Energies 2

for supporting and increasing the grid voltage to 0.95 Vn. At the middle of the test, the setting voltage
same as nominal grid voltage, the grid inverter operated at the PF 1. At the end of the test, the grid
voltage setting is higher than normal voltage at 1.09 Vn, this situation the inverter operates at PF 0.90
leading to absorb the reactive power. The behavior of the grid inverter during the test was the reactive
power control depend on the grid voltage or a variable reactive power depending on the voltage Q (U)

018, 11, 1730

in PEA grid code 2016.
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Figure 5. Relationship between active power (P) and reactive power (Q} of grid inverter operation.
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Figure 6. To maintain the grid voltage by reactive power conirol of grid inverter. (V_A is grid voltage
phase A, V_B is grid voltage phase B, V_C is grid voltage phase C, V_grid setting is voltage setting by
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simulator, P_Inv is power output of grid inverter and PF is power factor of inverter).
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4.2. Active Power Control

Active power control depending on the grid voltage in this research, aims to control the power
output of the grid inverter and battery PCS for maintaining gird voltage at the acceptable range of
PEA requirements. The active power control is necessary for the grid operator in case of emergency
such as grid voltage is higher than upper limit because of over active power fed to the grid. This case
the grid inverter can automatically decrease the active power for keeping the grid voltage stability.
According to PEA grid code 2016, the grid inverter requires to limit the active power from 1 p.u. to
0 p.u. with responsible time less than one minute per steps.

5. Algorithm Development

According to the problem of voltage rise due to over active power, which is produced from the
PV system as mention in the introduction. After testing of grid connected inverter and analyzing
advantages and disadvantages of both components, an algorithm operating with fuzzy logic, the VSFL
Algorithm, was developed to greatly increase control of the grid inverter and battery storage system
for grid voltage stability. Fuzzy Logic method (FLm), a flexible and powerful tool with much potential
for electrical power systems, is similar to human beings’ feelings and decision making processes.
Fuzzy Logic control is a range to point or range-to-range control. Fuzzy Logic techniques is applied
throughout many purposes [30-32]. Fuzzy logic implementations involve three essential steps: the first
is Fuzzification, this process to convert crisp values to fuzzy data using membership functions (ME),
second is Inference process, to process MF within sets of rules or laws to develop the fuzzy output
and third is Defuzzification [33], to determine the correct output. The output of FL.m is derived from
Fuzzifications of both input and output using the associated membership functions. The steps of
algorithm are follows, Fuzzifications, Inference process and Defuzzification as shown in Figure 7.

Inpuf Parameters Ouiput (Decision Process)
- Grid Vialiage {Vg)

- PV Power Production {Ppv)
- Baltery S0C

i

]

i

Fuzzification H Infereice mechanism H Defuzzificalion l | — | Battery System Grid Suppert Faaction
- Batlery Charging - Reaclive Power Coalrol

- Battery Discharging - Active Power Conlrod
Fuzzy Coniroller

1

Figure 7. Fuzzy controller for the VSFL Algorithm.

The VSEL Algorithm is mainly focusing on maintaining the grid voltage of 22 kV distribution
system into the target range (1.06 p.u.—0.96 p.u. of voltage). In the present situation, the distribution
voltage is not in the desired range 0.96 p.u. (21.12 kV) to 1.06 p.u. (23.32 kV) when high amount
of active power is fed to the distribution system or high load power consumption occur. A smart
PV-battery system equipped with the VSFC Algorithm will operate for maintaining the grid voltage
into the target range or close to the normal voltage (22 kV, 1.0 p.u.) as follow two steps, the first is
battery power management and second is grid inverter power management. The VSFL Algorithm
enables to maintain the grid voltage as shown in Figure 8.

The control sequence of the VSFL Algorithm starts with battery power management, later on the
electrical power from a smart PV system will be managed by the grid inverter, in case of voltage is not
in target range as follow.
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Figure 8. The VSFL Algorithm for grid voltage stability.

5.1. Battery Storage System Energy Management

BSSEM is very important for a grid modernization to provide many of pragmatisms such as
load leveling, peak shaving, peak shifting and frequency and voltage stability control. BSSEM in this
research mainly focused on grid voltage stability in 22 kV distribution system. In case of grid voltage at
PCC is out of target ranges (0.96 p.u~1.06 p.u. for this research), a smart PV system ordered the battery
storage system (BSS) to maintain the grid voltage into acceptable ranges by charge and discharge
electrical power of BSS. When the grid voltage is over, a smart PV system enabled BSS to absorb an
electrical power by charging to the BSS. The objective function of this process to decrease the active
power in the distribution system result to decrease the distribution voltage. The VSFC Algorithm
enables to control the BSS in a smart PV system by charging and discharging strategies.

5.2. Grid Inverter Power Managenient

In case of the gird voltage value is out of the target range (0.96 p.u.~1.06 p.u. for this research)
and battery storage system is not able to operate when battery already full capacity or battery already
reach the minimum SOC. If the grid voltage value still out of the target range, the grid inverter of
a smart PV system will operate on grid support functions, reactive power control and active power
control to maintain the grid voltage stability of distribution system. Generally, if the grid voltage is
over than over limit of target range, grid inverter is able to absorb the reactive power in the distribution
system, purpose to decrease the grid voltage. On the other hand, in case of under voltage, the grid
inverter will operate to inject the reactive power to the grid, purpose to increase the grid voltage in



Energies 2018, 11,1730 90f19

distribution system. In the worst case, even the grid inverter operates on reactive power control but
the grid voltage value is still out of range.

5.3. Fuzzifications of Input and Output Paramelers

Fuzzification process is to convert crisp values to fuzzy data, each input and output parameters
are converted to membership function (MF) as follow.

Figure 9a illustrates the membership function of PV power production (Ppv) which is classified
into ranges of MF; low, medium and high based on power production in percentage of capacity at any
instance of time as described in Table 1.

nlal printa ‘ 181] . Bembership Ringtion plots
' ’ {Low Weduim High Max
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0= - ) - = ——— ap—— -
0 0.1 n? 03 0.4 G5 n.g 07 0 Do 1
nput varisble "Ppy”
(a)
ol pv 18 il it 181.
. ) Membership !unellon plols ¢ ’ _ Memberthip funclion plols
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Figure 9. Membership function of inputs and outputs parameters. (a) is the membership function of
PV power production; (b) is the membership function of Battery state of charge; (c) is the membership
function of grid voltage at point of common coupling; (d) is membership function of battery storage
system operation; {e) is membership function of grid inverter operation.
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Table 1. Range and degree of membership function of PV power output.

MF (Ppv) Low  Medium High

MEF degree 0-04 0.3-07 0.6-1
PV power (Ppv, MW)  0-32 24-5.6 488

Figure 9b illustrates the membership function of battery state of charge (SOC) which is classified
into ranges of MF; low, medium, high and max based on energy contain in the battery in percentage at
any instance of time as described in Table 2.

Table 2. Range and degree of membership function of battery state of charge.

MEF (S0C) Low  Medium  High  Max

ME degree 0-0.3 0.2-055 04-0.8 0.68-1
Battery state of charge (SOC} 003 02-055 0408 0.68-1

Figure 9c illustrates the membership function of distribution voltage (Vg) at the point of common
coupling (PCC) which is classified in to ranges of MF, under, medium and over in power units (pw.} at
any instance of time as described in Table 3.

Table 3. Range and degree of membership function of distribution voltage at PCC.

ME(Vg) Under Medium Over

MF degree 0.9-0.96 0.94-1.06 1.04-1.1
Voltage at PCC (Vg, pu) 0.9-0.96 0.94-1.06 1.04-1.1
Voltage at PCC (Vg, kV) 19.8-21.2 20.68-23.32  22.88-24.2

Figure 9d illustrates the membetship function of battery power management, which is classified
into ranges of ME; heavy-charge, charge, maintain, discharge and heavy-discharge at any instance of
time as described in Table 4.

Table 4. Range and degree of membership function of battery power management.

ME (BSS Operation)  Heavy-Charge Charge Maintain Discharge  Heavy-Discharge
MF degree (—1)~(—05)  (—0.8(—02)  (-0.3)-0.3 02-07 0.6-1
— is charge (MW) 3-1.5 2406 0.3
+ is discharge (MW) 0.6-2.1 1.8-3

Figure 9¢ illustrates the membership function grid inverter power management which is classified
into ranges of MF; very-low, low, normal, high and vary-high at any instance of time as described in
Table 5.

Table 5. Range and degree of membership function of inverter power management.

MEF (BSS Operation) Very-Low Low Normal High Very-High
MF degree 0.9-0.95 092-1 096104 1.01-1.08 1.06-1.1
Leading PF 0.9-095 0.92-1 1
Lagging PF 0.99-0.92 0.96-0.9

5.4. Fuzzy Inference

The fuzzy inference is the process that combination of membership functions with the rule base,
knowledge and control rules for refining the fuzzy output. The control rules of fuzzy inference were
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considered as the knowledge of expert persons. A IF-THEN rule is applied to described linguistic
variants and fuzzy sets to meditate a fuzzy output. The VSFL Algorithm fuzzy inference consisted of
battery power management and grid inverter power management as shown in Tables 6 and 7.

Table 6. Fuzzy inference of inverter power management for grid voltage stability.

Inputs/Outputs ME Rule Bases No.
Parameters ® 1 2 3 4 5 6 7 8 9
Input parameter MLSIN P - .:':. :
PV power (Ppv) :ﬁg‘:]m L LT T
Input parameter 1&] xz;fler - . -E; o o :E‘; :
Grid voltage (Vg) évgi‘m e R TR -
Grid Va;y T —— o
Inverter N Oxal NN Ny
Power I(-;ll-gh ; R o
Management Vary High p— : : L

Table 7. Fuzzy inference of battery power management for grid voltage stability.

Inpuls/Outputs Rule Bases No,
MFs
Parameters 1 2 3 4 5 6 7 8 9 0 11 12
Input parameter Rager | :
Grid voltage Medium : LS EPIERREA ~
Over {:-
Low o\ et 7 B
Input parameter Medium P Dot N TF ) ot
Battery SOC High e ;
Max
Battery Heavy-Charge P i‘s
5 Charge _
torage T, . fpe o /I . ] ,
Maintain ; o : ' ¢ :
Power Discharge ; s . | A § :
Management Heavy-Discharge ' >,

5.5. Defuzzification

The Defuzzification process converts fuzzy output to a crisp output. The crisp output can be
number or digital output, which is used to enable for controlling the equipment. This research used

the Centroid Method as showed in Equation (8).

erisp IFC(Z)-ZdZ
Doutpu! - f Hc(Z)dZ (8)

When Dﬁgf!ﬂd is the decision output for batter power management and inverter power
management. pc(Z) is the degree of output membership function. Z is the output variable of
membership function.

The outputs by Defuzzification process of the VSFL Algorithm can be separated into two entities;

the first is battery power management and second is inverter power management as shown in Figure 10.
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- for the simulation. The detail of main components within the 22 kV distribution test system which is
important for the simulation as shown in Table 8.

Table 8. Main components within 22 kV distribution test system.

Components Connection at Busbars Ranges Peak Load (MW)
Total L.oad (MW) - 6 MW
Substation load MBBO01 At substation (.08 MW
Village A (MW) MBBO2 From MBB01 to MBB02 (1.5 km} 0.5 MW
Village B (MW) MBBO03 From MBB02 to MBB03 (2.5 km} o5 MW
Free busbar MBB04 From MBB03 to MBB04 (4.0 kmy) 0.5 MW
Village E (MW) MBBO05 From MBB04 to MBB05 (4.0 km) 04 MW
Village C (MW) MBBO6 From MBEB05 to MBBO06 (3.0 km) 05 MW
Village D (MW) MBBO7 From MBB06 to MBB07 (5.0 km) 0.8 MW
Factory Load, PL{FT) (MW) MBB08 From MBB07 to MBB08 (1.0 km) 1.9 MW
Village F (MW) MBB09 From MBB0S to MBB09 (6.0 km) 0.5 MW
Village G (MW) MEB10 From MBB(9 to MBB10 (1.0 km) 0.5 MW

MBB stand for main busbar (for example, MBBO01 is a main busbar number 01).

The different between typical PV system and a smart PV system in this research is that a smart
PV system consisis of battery storage system (3 MW peak power and 2 MW h of energy capacity)
equipped with the VSFL Algorithm as shown in Figure 12,

22 kV Disleibution Syslem

Technical data of lypical and smarl PV system
Details Typlcal PV syslem| Smari PV system
PV Caparcity B MY B MW
T T B
preen gfpage Mo 3 MW/2 MWh
- System
Only C
Operation Algorithm s mfr ceil;;;l)t The VSEL Algorithm
Active and Reactive
power conlrol and
d t
el sulppor . No charge/discharge
- functions j
SATW WL Y sirategies of battery
UL e By et storage system
Typical i Smart PV Syslem wilh
| PV System || VSFL Algorithm

Figure 12, The difference of a typical PV system and a smart PV system.

. Case Studies of the Simulation

The case studies were divided into nine cases {case 1 to case 9). The difference of each case is
that, the load capacity is vary from maximum at case 1 (6 MW) to minimum at case 9 (1.2 MW} in the

distribution system as shown in Table 9.

Table 9. Cases studies of the simulation.

Connection wilh Case Studies
Feeder Components
No. of Busbars Casel Case2? Cased Cased Case5 Case6 Case7 Case8 Cased

Total Load {(MW) - 6 54 48 42 a6 3 24 1.8 1.2
Factory Load, PL(FT) (MW} MBEB{}8 1.9 171 152 1.33 1.14 095 0.76 0.57 0.38
Village A (MW) MBBO2 05 0.45 04 (.35 03 0.25 02 15 01
Village B (MW) MBBII 05 045 04 035 03 025 02 015 01
Village C (MW) MBB06 05 045 04 035 03 025 02 015 01
Village D (MW) MBBO7 08 072 064 056 048 04 0.32 0.24 0.16
Village E (MW) MBBO5 0.4 036 .32 0.28 0.24 02 0.16 0.12 0.08
Village F (MW) MBB09 05 045 0.4 0.35 0.3 0.25 02 0.15 0.1
Village G (MW) MBB10 0.5 045 04 035 0.3 025 Q.2 0.15 01
Substation Load (SubPL) MBBD1 04 0.36 032 028 0.24 0.2 tle 012 0.08
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7. Results and Discussion

Here ate the results for the two test simulations that were run, the first simulating a typical PV
system connected to a 22 kV distribution and the second simulating a smart PV system operating with
the VSFL Algorithm, also connected to a 22 kV distribution system.

7.1. Simulation of a Typical PV Systen: Connected to a 22 kV Distribution

Generally, the voltage in the profile of a distribution system decreases the further the voltage
source is from the location of the load. This voltage drop occurs in the distribution system because
the electric current travels though passive elements (such as wires, conductors, the load itself, etc.)
that create resistance, dragging on the voltage and decreasing it. Figure 13 shows voltage profiles for
ten cases resulting from the first simulation (i.e., typical PV, no VSEL Algorithm). All these profiles
in Figure 13 are for the distribution system running without PV power production, and the 10 cases
represent variations in load from minimum (case 10) to maximum {case 2).

=g Case 1 (Without Capacitor) e (Case 2 e Case 3
vt Case & b (350 5 e (C50 6
g aoe 7 e (a5 B g (Ca5e O
g ase 10
1.04
102
;f 1
&
% oss
=
°
P 0.96
o
=
V] 0194
092
0.9
3 & 5 g g 5 g g & 5
o 5 bS] @ ] = T o a gi
= pa) o o (=) o) (=] o o -
il - w + wn (= =1 o D [=]
Busbars

Figure 13. Voltage profile of the distribution system without PV power producton.

Figure 13 shows the voltage profile in the typical distribution system. One can clearly see that
in Case 1 the voltage dropped in proportion to increasing distance from the substation to each more
distant busbar, with the lowest voltage seen at the final busbar (MBB10). The voltage at the MBB10 is
0.91 p.u. Strictly speaking, this value is acceptable; however, it barely meets the minimum requirement
of the Thailand grid code. To improve the overall voltage profile, a capacitor was installed at busbar
number 8 (MBBOB). After installing the capacitot, the voltage profile improves to arrive in the target
range (0.96 p.u. to 1.06 p.u.) The resulting values with capacitor range from 0.96 p.u. to 1.03 p.u,,
depending on the load capacity. This improved the voltage profile can be seen in case 3 to case 10 in
Figure 13.

Next, operation of this same 22 kV distribution system was simulated except with a typical PV
system (8 MW PV system connected to busbar number 9). The resulting voltage profile is shown in
Figure 14.
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case study for under voltage due to maximum electricity power consumption (6 MW) in the 22 kV
distribution test system. Distribution voltage at the MBBO6 to MBB10 was at very low voltage (0.91 p.u.
of voltage at the MBB08 to MBB10). The grid voltage was out of the target range so a smart PV
system equipped with the VSFL Algorithm operated to increase the grid voltage into the target range.
To increase the distribution voltage into the target range, the VSEL Algorithm ordered a battery storage
system to discharge electricity into the load within the distribution system. After operated the system
resulted to distribution voltage form the MBB02 to MBB10 was increasing into the desired range.
A smart PV system operated with the VSFL Algorithm can significantly enable to maintenance of the
distribution voltage as presented in Figure 16.

- —Casel6 MW PL (OPV) — — Operated the VSFL Algorithm {Case4)
- — Operated the VSEL Algorithm {Cased) -~ - Operated the VSFL Algorithin (Case5)
— — Operated the VSFL Atgorithm (Case6) ~ = Operated the VSFL Algorithm (Case7)
1.02 [
|
1 1
\o 99
7 7=
o 098 0. 9s-—---n 98—
E \ \_ \
= 0.97 097 0.97 0.97
a W
ED 096 - : \ BRI 086
3 :
: \ \ ‘V\A""« .
‘g 094 ] 094 e 0,04
0.92 \ 0.92======0.92"
0.91———0,91—0,91
0_9 i 1 1 H L] L 1

MBBOl MBBO2  MBBO3  MBB3M  MBB05  MBBO6  MBBOY MBBOS  MBB(®  MBBI1D

Figure 16. Distribution voltage profile when operation a smart PV system with the VSFL Algorithm.
Operated VSVF Algorithm (cased) is a smart PV system operation as 0 MW electricity power discharge
from BSS when 50C is 0.3, no PV power production and 6 MW load power; Operated VSVF Algorithm
(case5) is a smart PV system operate as 0.2 MW electricity power discharge from BSS when 50C is
0.4, no PV power production and 6 MW load power; Operated VSVF Algorithm (case6) is a smart
PV system operate as 1.3 MW electricity power discharge from BSS when SOC is 0.5, no PV power
production and 6 MW load power; Operated VSVF Algorithm (case7) is a smart PV system operation
as 2.4 MW electricity power discharge from BSS when SOC is 0.5, no PV power production and 6 MW
load power; Operated VSVF Algorithm (case8) is a smart PV system operation as 2.8 MW electricity
power discharge from BSS when SOC is 0.5, no PV power production and 6 MW load power.

8. Conclusions

This paper discussed a concept of improving the typical PV system to a smart PV system for
maintaining grid voltage stability. The concept of a smart PV system is that the battery storage
system was assumed to integrate with a typical PV system and increase the grid inverter ability,
increasing more capability for maintaining the distribution voltage into the target range (0.96 p.u. to
1.06 p.u. of voltage). This research started from test the grid inverter in an electrical laboratory on grid
support functions, active and reactive power control depending on the grid voltage. The results of
the test showed that the inverter management enabled to maintenance of the grid voltage stability.
After analyzed the test results, the control algorithm was developed for a smart PV system by using
the fuzzy logic method so called the VSEL Algorithm. To verify the operation of a smart PV system
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operated with the VSFL Algorithm so the existing 22 kV distribution system was connected with an
8 MW typical PV system in the northeast of Thailand, it was modified for voltage profile simulation by
Dlgsilent PowerFactory. Finally, the results of this research indicated that a smart PV system equipped
with the VSFL Algorithm enabled to maintain of the distribution voltage into the target range by
managing the battery storage system and grid inverter power management. Especially, in the case
of over voltage due to a high amount of active power from the PV system fed to the grid, the VSFL
Algorithm can significantly maintain the grid voltage into the target range. To improve the typical PV
systems by adapting to a smart PV system is a solution to solve the problem of voltage fluctuation,
which is effected by high penetration PV system.
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