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Abstract

This thesis introduces the Active Power Control of a Battery Energy Storage
System in AC Microgrid. Due to the rapid change of energy production from
renewable energy, especially the energy produced by solar energy sources
connected to the utility grid. Then, the power stability of the renewable energy
sources must be considered in the network. To solve the problems, the coupling of
PV and the BESS can be used for compensating the real power at the output from
renewable source fluctuation. Therefore, the actual power of the output from
renewable energy sources will be controlled to meet the standard for connection in
accordance with the terms of the connection of the electricity network in Thailand.
The impact of the ramp rate and the characteristics of the batteries used for BESS
will be considered in the control strategy to control the actual power flow. The
Micro Energy Management System (MEMS) will be developed to calculate the
appropriate slope of the actual electrical power. Therefore, the frequency deviating
in the micro-grid can be controlled by the control technique and MEMS. This control
ensures that the frequency stability is within the standard +1 Hz in the 50 Hz system.
The simulation results and system experiments show that the proposed control
method is respectable and the real power of the BESS in AC microgrids can be

controlled satisfactory.
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Tasnsala aunna1alilu (8] wuswesnldsiunuszuundaliiianwediaseiingle
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Previous proposed

method

Advantages

Disadvantages

1. Moving-average
control strategy [11-
14]

- Looking for simplicity
- Use of less BESS capacity
- Be able to minimize the size of

battery.

-High charge/discharge cycles of
BESS

- Higher losses due to energy
required from BESS all the times
- Life cycle of BESS is shorter

- In appropriate with lithium-ion
based ESS

- Not considering the C,.;. of BESS

2. Ramp-rate control

strategy [14], [18]

- The BESS does not need to
operate charge/discharge at all the
times

- Extend life cycle of BESS

- Looking for simplicity model in

control process

- Require a much larger BESS
- Not considering the C,,,. of BESS

3. Ramp-rate control
model modified with
additional state of
charge (SOC) control
[14], [18], [20]

- The BESS does not need to
operate charge/discharge at all the
times

- Extend life cycle of BESS

- Consider state of charge (SOC) of
BESS

- The lower energy loss in the

converter of BESS

- Require a much larger BESS
- Complicated control

- Not considering the C,,. of BESS

4. Step-rate control

strategy [13]

- The BESS does not need to
operate charge/discharge at all the
times

- Extend life cycle of BESS

- Consider state of charge (SOC) of
BESS

- The step-rate control cycling
degradation is in any case lower
than that of the ramp-rate

- The lower energy loss in the

converter of BESS

- Require a much larger BESS
- Complicated control technique

- Not considering the C,,, of BESS
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WaguwlanAuveulwaiddlwiiniiamisomunuldveaiesdndaliinilddmivamun
Al siesnidsininfindnan DG Felindsuannaysaseiingliaiiaue Sedanale
audvessruuldsuntaciae ediddnindindnainanuarwasofindifindustia
vuivhilaauiuniweuwsunvesiidthiinaunsamunulalagszuuaiuguaad viili
wasfudnlnihitviutiinuaueuildaunsonuauaruilumsduld

2) daurddiiiafindadulugeiienedosnisindas DG Sedewa
nsENUAsn1sAIUANAINAlUY e TALFeInAd sl WU Tudasnainansiy
A&sluiinanannwnastndnlninfiaisefanunsasuulasvasidsliiilnanily
Faane Suildindemidslvfhvinantuaum

3) iesearndalniiannsanuaueudlsiifiesmeled DG Tu
svvuiudiuauann Tunsdild pe Ansslussuududwiuinn dmalisunueiodnin
Iihildauauanudlianiasas nannfe DG TdefosluiTosnuaniivesnisiiaznan
Adslidie ez usumasiniveddwaniiudsuudasiy

) nsdlwvastndalniiifendiunaseniindwas tdslniiily
iesnelusiiennieldd Tunsdfimdslnihfindnanudamdsnuiaeiing Jauieudiou
sewianmenauislasazdunn Wuihdslilutslmnansasuinnitlugisiesdi
waala

nsuAtymlude 1 89 4 ldlagldundanendsnudrsemtouunaes e

emaslniliiussuulugasinnudesnisidslnihamiesumadslnianssuulugen
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mMaskiinluszuuiuaudens wesnmaslnihduesnvasuunnes auisaauaula
1 @ % a I & 3 = o o v Ql' z:l' ‘:l' U
98193 TINBUNIDIWES AanuTspuaumMAaTlusanvaILUAWes WiakaniUdsuiu
syuule Hunaliinaslninnaelidussvuroudensd agrslsiniu Jynidrfyves
LURLHBINABIAITIDIADITIALIG AILL NISUIVUINVDILUNLADS ASALAUIRAAAI AU EL
a - % ~ a a o @ ad = a R a v
gaiolinsmuauiiuseansnageaninduisnilenaunsoaneilddnevesiunnesla [27-
28] F9azlonanidsluaisusall
weananil nsldlsslniiwdsinavasan (Pumped storage hydro plant) Mluis
nilslunisuideymil Inevlundnnisvihanuesesiilialiinelinlifeasguinansedudeu
11JLﬁwuéwﬂ’ﬂﬁﬂuﬁqﬂumqnmnmﬁu%m‘jmmé{mmﬂ%‘lv\lﬂwﬁwLLas%Udaaﬁﬁmm%ﬁa
wan i lugsiaudesmslniadudisnainaisiu duiuiausauiugielainis
° A Y £ 26 v 1Y) 0 W = o ' Y] a
euretasesiuin iz auiussuuliihmdsgdiunamasnunyuisuninay
wazwaso1fingla nanfelimaiasnndalniafdguuiruldiiulugei mdslnifndnain
1 1 = 1 dya b2 U v 1 96’ v d‘
waadevausuma iRuaNuaIn1sveEldlii Tumenssiudi Jaestiawnliaies

Ailalnidndalilugrimddnihnndnannunaenasungudeuldiiieme

2.3 lulasnsa

nswaUssmandsenlnideduluildoiug witd doyeshamis iilemevauesio
armdasmadlalid 1l 1999 wwrdadiAeafululasnia Idgniaudu aelilasenis
CERTS (Consortium for electric reliability technology solutions) e[,uaw%fg’e)m%m g
wndnillalesningnussinfussuumuvamesnmilanssuuliisidman uarlinelhiaa
Paym iy nnInseiitenvesaduliiin msunddlnivesaudlvirussuulniihindandn Ju
s lailasnIndifienuaniAtgnienlmdussuuiin Good ditizen) wasszuurindaluiman Tu
vouzieanululasnIadianusaisativayunsyitauvesssuutnimdmanlaludnuoe
rosnslvuinIaaiy (Andllary service) 1 nsliudnisamnnlnddudey (Premium
power) MssnwseAusenului (Voltage support) 1usu [1, 2]

2.3.1 anwazlaseadrevaslulasnsa

MnuuAnvaslulasninoanaalainlulasnia wunede STUUEIIIENEIY
Tnifiwazmugeuvuiadnluiiuiindmumanis Uszneuiuainunasdndalalsiawuy
nsza18 (Distributed generators, DGs) wateaUssian dedrerdslniliiulnansng 9 i
AnssluszuulnihsuiigunsaiAvazaundanulwihuasannudou nsdnnisndsely
isuw‘hmmmléﬂmmsm‘u@:umuizU'UIﬂmhams?%amssﬁagamﬂ@uéﬂmﬂmsmwgm

Tasunflulasnsaazaiiunisvunuliduseuuadsanemasiniindn agrelsAiniuetaaziuig
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nsdiflalasninazvhaiulunuy Islanded mode wiegnsmainnisludia Islanded microgrid
anunsniAsulnuanmsinuiiodeudedituszuudsieiddlniiudndnads deasgn
Bonin “msdalasluedy” llasndadegniunldusulssnanmuazanudetioldueaszuy
il Fadadundsaudidentisaniyvmnsudesfing CO, msusudgedailrsgansam
vosszruulWilfingetu Wemevaussionudosnisveadldludi TulasnIndsanunsal

wasunweiolduasdenudangu Usslevivaslulasninanusauvsoantiduansngulg

oA A v

Ae Jaduaudsindeusaiasugng wazdadusuanuiitenesonunin §alinsfinw

9

v

Sununnifeaiulalasniauayinauvedassmsideiddgihlan ewsni glsy wasiewde
Tnssou liasaliifiuinlulasnie fe 1A30981128ANNAEAINAILNITNAGOU LATANS
nynaeunatAveshilasninfivainvany vilnlesunsseuiuuasiiszfunisunsvated
Huvsglomilumsgnanvngsy QAENALLLIALAANTAIUAN LAz AMaNTRNNTYINAILAN
NN13UTMITANITIEUURER LTI INUMana Uy udey  dnwaguedluan AU

o w

mddlihuaznagnsvisnisnain nagvsnsndulunisvinm wasnisemuguueslulasn3nds
Tjedfigy WeUsuupirnuteialavesssuulii uagneuauoInsIUaULUaIANL19IN
nslaasiundaulnii wesanlalasnIatululaymunaienisuglailidussuy
Inlfhidwan mnusigaiuiuniswanuazImiielniluiunvesiies msiuduvesly
lasn3a saud DG FeldineliAadamaussuulniaidman Turasideniundieiasuni
Jupsweansdsdielnily saienuwetalivessrvulniiwazaanwlwinluiiuivesly
13030 AufeINIsERIANIUAINIHAI NN azlsun1snauaues v
nansznusedandausnnisudatifanasainnisléndinunyudeu wagdszansam

Y o 2 a = g A =~ < a @
nsldwaanulegsufifisasdy uan3aani Liesin DG YUIALEN N1TIILNULAZNITAAR

< A 1 !

Fldnawaraldiietesnitszuunisuanlnfinvuanlneg Sefidiudionsyateannuideses
msasuinun saalWilld3nnands 4, 51 feduansaasuuRaiidrdyuedlulainia
darelud Ao 1) mssnwamanfdsiiiiuaranmindeeldvesszuului 2) nsan
sveznaazaldTelunisinde 3) nsandrldnenamdsnunioddewmaas 4) n1san
NANIENUADAININEBY 5) N155NWIAINIUAIININE Y

gﬂﬁ 2.4 uanswurfnveslulasnialusuiandmsuiliondn o uvawndnil
wangUszinudandunyuilousas llandsunyuisy uramasnunyuiou 1w
waduae1iing (PV) aunsanszaneldiunntu svuudaiundeeu (ESS) Afln1snszaiese
Uiy winsmuatazdosdimIUszauuiie sesiunuiuasusssulili nsuaLHanL
LT ALY AT LAz sTaN IS nensSanatelut e vuafiddydmsudu

QUENNNTIN 130N YR kaziilad lusuAnliaud L YeloaInsaulenNansTUTRINaY
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U 2.4 llasn3atuduawinisdmiudedn ¢ (7]

[y

pgnalsiaudadinlulasninasiimudrdiuszvudmiieliiinegiesin nsiuvas

I o a

wan NIy Useneume wsadidaliiliuunszaty vse DG 1y unas

D I~ B Y]

nAnlNHnSuaefing wavan Fana Wudu fidousetuszuusmglnfindunisiia
wiasslandsnulniigas Semdslafiaswinlianiidinisuanliilafidnguiainaand
Iwihdos wazanvunnszuailvalusedouvinliidegadelussuvasdsanadls usd
uwiasdali e i alvgsuiulUasielmAanissunaudesyuulifitedieguuss 1
wiasran i maataaafindasuanlnidnanizneunatsiukarsiednelvanla lugiaian
naNufiunndn LLazwé’NmamwaoﬂbAIﬁwhjLLﬂuausﬁuagjﬁummﬁ'aau Faluseduuas
AuAvDIsEUUAILTL o fusE UUS N Az Ann s AsunUases s undy wazeralie
nsundseenuonelaeiinslifilsiamsaruauls wazdmwaidosorldlnilnvinlvgl4ln
fisulainsieutasil@suusaduluiifiu duandugui 2.5 Fafudsesimaluladild
Tuns$nunszaussesuladin l@esnmuazanutunsesssuulnidianunsasesfuunas
wanlifiannunasmdsunyuisuiiidnuuznszdanszane wazdindandnlndiadilsl

asaualausaiausalfusE U WA Le
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‘k ‘/
Should maintain |

220V+/-10%

at customer sides

Substation Distance from substration

JUN 2.5 NanTEnUTDILTIAULAY

2.3.2 M3nuANLIRULasAaslWiedou

n13AuALLsIFulii fio n1svilissdusssdulnihegluseduuninse
Wasuulashurisfisensuls (120 vinviieay 5% luanszewini) Adui1vesszuuuing
HHluiiamarhumetou Snanetateiitsvinasousssulnihillddmaungldlniusias
518 laud
2.3.2.1 wsssinuuaIedsvseaedsdngluides
meldmanisnifeunfuaglain® nisdasussiulniifidunisens
elvAnn1suniavaswseaulilin gunsalrauaukssulninazfasUsunsaeussdulniisiu
4 iiesihlyiusssulniivaenisliianisundsduionnainnisseussfuiiduneil
syiuusailindeusenluanndisivensuls
2.3.2.2 nmsUaulvan
Tusgninefiflennudosmsldlaiingsga (Peak  load) nisluaves
Aszualndlt (Ampere) - filuiuuuaiedeon wavussdunnmuaiedowdesunaind
nszualwihiilnauuastouwdiutu dsdsmalinssiuluihanasdnsuglilnihiiogmdlna
Mnaaillifihdesvaeyavesmelou gunsalmuRuussuLuUSAluTRzfoufiuusadiud
aemuaNdeInsidlnfiigean (Peak load) veaffldlwindwmsuiiinussdiunn Tums
niufudeaetouilvandesatussdunniazanas faugunsninizaiunuissdului
wiowhliussiulnihanasfiiondndssanmeussdugeilonaasAntuld
2.3.2.3 mMsuFuusasiuliin
Tuwvudada nsliiaefnwnszduveaussiuliilfegludaed
sousulilasnsusuasusiumis Tab vomifeuvasmunisasundasweddvan faniuns
usatulwihazgnindsogluandluihdes wasnifoutasamillningos n1sususums Tab
veandioulainunisidsuwlaswesinan (Load tap changer e LTC) wifeudasndnil
Sududosdinisusumamuauiinmuaiaglfifiunieanniakean Tab nifoutas uiensean

Tab ldgniUdsuudaimunisnsivinuseduwazivan nagnsiiwuisauigndiniunis
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sonuuuaeleaulunisvihnupenisimunanmussiulniilveglugiiveusuladmiugld
Inlmavualiussavgangengauiiagrile wsadulnimuaneleulussuuimieuay
n1slnavesindalifinaion (VARs) vuagleulagiliazgninwiseaulilagnisusu

[
a Y

wsaiulnuazaing a1unGimesuusd (Capacitor banks) NgnAnaslinuaniuisng q v
anglounarluaniilliihdesiiieides nsuuussiunufivmvauiiuvsoanuseiulay
nsUSuREUsus Tab Ausgivgunsalnsiaiansvuauaziseiu lwhuesdeiu AUg

WBSWUIA (Capacitor banks) saufiafmIuANEIngz 1Un wse U mudyainingiaiala

5 { LTC
Primary Feeder
SUBSTATION
(NN Distribution  LJuJ
MM Transformer MM
First Service
Secondar .
Customer 4 yrop Wires
L St 4
| | Last
I | Customer
Voltage A | i
122 ' Yy
| 3 Volts |
: Primary !
119 \ 2 Volts distribution! A
117 First Customer transformer| ¥
| <> 1 Volt Secondary
1 ig N <l 1 Volt Service drop

Last Customer
114——————————————-
ANS| C84.1 Lower Limit (114 Volts)

\ 4

Distance

JUN 2.6 anvduiususssuivaedeulussuudmihelaemly

2.3.2.4 M3snuanmMaslniualion (VAR)
nsanUsuansivavesiaslniiiatiou (VARs) vuaneleuluszuu
Frminglin msliihansnsaanaugapdomslinuagliassdurosussiul i ivaus
azUa (Voltage profile) amanatou nislwihaunsaudlateymvesnisluanasluiaiiou
#lagnnsfinds MUEnDSLUSA (Capacitor banks) fiyngmsmaninuaisiaunurdines
wusdiiduuvasiemdsniation Ssnslaihannsadmuasuniiigala 1 vuanedeon
nsfnsanUifinesuusdistisand e iinuidliiiatoulns s uudshds ield

Aasliiaiioufaunanssuvdinigsanad nsewatniinlraunainssuudsnidsludalvan
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wanamfeusuaugapdemdlaiinfiAeatos wasussiulifhnfindufigavesiafulsey
Sndruvesatdimesuusdez Waitosnendsnulniuagldlniegnasainan (“fixed”
banks) agnalsfinu annsiasuUawestvanuaznsiasunlasyesidsliinaiioud
Aetusaontiou vsdwesa U ime fuusdndonfuaindiilisslovianwisd alid
wesuuiAszendsnulniimiosndiendsulniiinuanudeanisiuanareiululy
senineiu miBimesuusdnioufuimunuilingaiaamzuislidulumuimuniile
aind ABnesuusd Wn viie Ua dmsuiedns Woussiugninldlusunsidaves e
UnBnosuvsdeglusziium fauauazlaaindiiunisesaudimesuuadlunsliie
nEauluih doussiuliigsliusmuauagiinisdadindielondenurdnesiued
Mnnsendaeliliin. Bnisadoiiegyheldananlurasmiudesnsiniigegn e
anmzussiumidesanusuaniiiinannszuagietsazdsnalinu dimesiuad Waaind
dlefinnudesns egndlsimulugrefifmnudesnisidlniing (Off peak) wisdunnenald
ganedemsanvuiuaindlunis fa uag fe AMUBMDTLUIA agslsAny Tuvasiisedy
usssultindifisswelusasanudosnisiviidiian (Lisht load) nslvarigaluiasiou
HnsegamenaliiAnnisarydunndiuiiiulussuy uenmierndidunsyuasuusadu
wagusduesmetioueariliussiunndsduesadld duiisensuldlusgdusiiivisei
dioamslihgeiian TuvmedinisDanssduliluaonfdosoraagyiliussdulniwiindul

Tuszavgaddhidunionsulugandaudaanislilnilesa

SOURCE
VOLTAGE

125V

120 v

! RISE DUE
0 ‘B’ ON
| RISE DUE

115V TO ‘A’ ON
VOLTAGE W/O

BANKS ON

Distance from End of
Substration « Substration » Feeder

JUN 2.7 anuduiusvesusaduiuaunes
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2.4 53UUUSHITIANITWEITUIUIALAN

FEUUUIMITIANISNAIUVUIALEAN (Micro energy management system, MEMS)
Ao szuudanisndsunyiiinisdednemdsdnidanuduasmealdienmungauiian
S o = Y cs' - o a = ]
wanIndeanunsaleusaiuiunne’ waziasesindalninuunseane uluiisuvas
warumyudey sasnauszuuliihmdinisuen yEMS Fulualiouansveslulasnia
¥ a Y o § v a =
wihilunismvaunMnaaliiuasaruaudnnisivan ilssuulalasniedianuygania
< % W o o oy 4
899y uananlfwdasteyauseduliiiuazainuddunidusinneanisieasuinsgiu
WITNBIVDI WIIFU NTEUE wazAuD nTIvinlalngliAdneatives antudeyaasgn
daludaimunululasniadmsunisnsivaevuaznisaivau Tuneufifeduloauisy
fiwas (AMI-smart meter) 9zUssendldiiudoyandndu Ja JEMS viwmthfiaauaunisnde
TiihuazaupuInnisinanazgnudasendu 3 du aunsaesugladsil
1) N15AIVANATINANADVDINAII T
ALluNTsALANMEINSHAR ke Adarnudeanisvadlvanlviauns
wuusealndmenisdearsaesfirnnniuiasesnuialnihuuunsy e usiagiaies tievlula
A Al vngaugaayansauiangauian nsuetlineiviorngiagnis
a Y | = o ! ¥ &, =] &
WagnuUaswasaiusin 9 Tuszuu liensivdeunisviauvesssuuingnieatulunuieg
Liseld iindarausnavsely et teyasudsin q Tussuuaidseneunisandulaluns
widamwiseuuinisseuusiel msmuangunsainie o Tussuululasniadiy JEMS 1wy
d‘ o a ¢ LY a G ! [ 4 J '
w3 Lla i gunsaldesiu waraindinde WUy N13AARANTENUYBIULNAITIY

Aastnd laainaue annisuatwasniadtndanlualululasnsa EMS @u1sadanisin

aunsalymrandslnilTuszuu 1wy wusnas wwissn e lWdnuunszanefiniun

9 9

o w

Adslyifineinals Wudu dsiremdsiniluraediuasundasiddluiliaiiaueld
diesnunannidslniiliinaziduussiu mnuivedlalasnielfedlurisfisonsuls uas
deransznuseszuulwihmdssuuenliidoyfian
2) M3muauuULUsTauiuszuUliihiddeuse meuon

wanann1smvAunelululanga HEMS Geandunisaiuauuuuyssany
fussuulihiideudefuneuen WevldAnnshanuiimnsautanielusay mmeusnves
Tulpsn3a mevheusuuwendaszvedlulasnia Tunsdifiszuulniineueniilulasniniden
feuindsiinUsnity HEMS anansadinisiilalasndavansaieseenainsyuuneuen uan
Freliliulnannielulilasninldegneiung Swenvvznaldinduiladdunisrauuen
Tanvoslalasnse Tumemseiudn dessuumeusniiufundunnduusnd PEMS Seanansa

Fanstrlulasnsawausatussuunisuants
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3) andulunisanAnnudenisiniiigega (Demand Response Function)
MsAeasLUUaRs AN HEMS mmaadﬁa;ﬂaﬁ@uﬂis‘[wﬁ U $1A1AN
InlhuvuiFealnsd Usunundslaingld dogauuzinfsafunsléldi masliihildves
gunsallyliluiiinende usu Wignigldluiiluiinedesnulassdionisieans aundn
e luuansaly szuudnnisndsanulufinnends (Home energy management system,
HEMS) Fafinsialuiiinedovosgndn ielduinligndnausunisldlniinaonaunis
Usendandeau Wusiy

lavdiuaruquuanvedssuululasnindaasesvianun lneinniiivinisda

[ [y {

NIINARUNEUAINSIULUIBUATRY SrfuwaImasunanaNnstnid welvin

Y

Usgavnmlaesinasantunsiaydiana stuvlieseiuwazdnnisndsnulnimyuisuly

sUkUUIaNT3 Jududueudeid1fyseninsssuuuimsianisnasnudmsululania

9930y wagglianulunisitinedeyan1suinisnasnu IneseuuaInsaiinsieidoy

Y Y

W uiegnue wardnauasegliinulugiiuuiiiedeninudila Hun1aununIn

Y

v

LATUNLQTING 9 AN Iudeyaei sTULUIIsiantsndsnuansaitniadeya a.
Na93elangne 59153 WAToUNEBUNT N (Intranet) Tuasins wsainsotnedumesiin
(Internet) 91nA8yen fanmisaidongieyalaesisirsaelunninamnanuil dumig
Browser fivhauunszuuURtRNIeg 1 Ialaglishdn Bz uudanangaiinsiinge
foganienngmudenanneiui uazianialuguunuaIw vaNMaIEyTELN JUT 2.8 uans
1A59A51990458 UUTATIEY Uagtiauemsuinisdanisnasuliimvyuieu Tusuwuunan
5wty Tnedenlaafumniieyszananandn (Controlle)  w83svuUUINNITR
MINENL (UEMS/USCADA) dwfulilasnindaniezuazuaniuasudoyagainndsauldi

H1umavidgUsenlanayalng dauaseie Profibus agssuulinuaiuisalunisdesinu

[

Poyalun1ulia Micro-second  5¥n31anUI8UsEaNaTIaee kavdstayaniy Real-time

server N1ULATBYIY Profinet Wionsyatadeya o vianasslinugldsely
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= —

Siemens S7-300 Controller

- 1
= i

To other process control
components

| Laptop
—— Portable SCADA
—

WinCC
Workstation

MEASURMENT POINT
Siemens Sentron PCA3200

i WIFI Router

#P01 : Main Circuit Breaker
#P02 : Electric Loads

#P03 : Photovoltaic System
#P04 : Wind Generator
#P05 : Diesel Generator

i REAL_PROFIBUS

#P06 : Battery Charger
#P07 : Energy Storage
System

Firewall & Inertnet

3

Siemens $7-1200
Controller

l Mobile Device
’

i
”

m 4 Ethernet Switch

IBM Server Rack
(Real-time Server)

' Tablet
| Laptop
o

'WIFI Router

PEOFIBUT NETWORK
PEOFINET NETWORK
== == PEOFIBUT NETWORK

WIRELESS
ETHERNET NETWORK
w= === ETHERNET NETWORK
WIRELESS
HDMI LINK

TV Display

REAL_LAB

‘Workstation

JUN 2.8 urusislassasievesszuunsaeansingsau [29]

2.4.1 szuulidaniaslusuian

£% '
=~ =

Jagtundenulnidedudadeiugruiididguin anndavisiuaiuiu

e

nuveITIALTaInaeada Jymsudwanden anudesnisfuaudidedeiiituves
szuulnihidemdn audesnisiinusyansnmludumsiau wazanslruinisungld
i nswdeuulasiimdaintuiienuddyetibdmiunissenssualiiiiluszuulnih
f&wdn (Grid) nsiAsunlasiiensuauastmnedmdaindey Wesesfunisneuaues
AuAesna sl (Demand response, DR) LavsesSusnsudliilausasuuuideuusn
(Plug-In hybrid electric vehicles, PHEVs) i’mﬁgqmmmmsaiumiwamLLasms%’mﬁU
wasewlnli (3] nanedaunnanteinasdenueuduuulansusaunisas nsnaandsay
Lasoindseszuusmgliihunty Senederalisruuunisemslniianniivly e
Jeaiuuves Voltage/Var uazauldaunaveaauniiuly ieandgymindriuaziiie
$nwinuuiBeiievessyu nsAuAN Voltage/Var adnddnlufi Siaduszanu (Relay
coordination) uwarfosiinisnsiedevediaziden venandswndudesiinsnaunay
38117719 Distributed intelligence tag Centralized analysis lag N19AIUAN ﬂaqwéﬂﬁi
Fansmnuuedn waznisimunsimuuulauniindiideiunann fafiuandlusud 2.9 szuu
waluladansauna (M) $1uauninazld Sunansenudesindessuun1sinn1snisnss e
AUAT WaEITUUSALULR N19INUNUAITANLELIIY N1TAIAUALAILAENNTINES N15ANLTLIY

YeInaIn Nsiseniulukaynsisydnd
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‘-L’ Substation

Feeder
= g Breaker EMS Solar PV
g ' gt S
If 0.9 ¥ = -t
go.a ' Capacitor Regulator = .
S 07 - - = C pt 1l Controller Meter Demand Response
O "Y1 am0 719 10027 ehiellizs =

0 13¢

:T_i__; N T Data Communications [ —
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|Imegralion Middleware v |
Asset | | G5 | 1scADA || DMsS cis || mpm
Mgmt
|
| —— Electrical Network

Billing and Scheduling| | ! .
Acctling Dispatch Foracasting Information Network

JUN 2.9 syuundnlulunissessuwnamsnensinssneagmluiundu

sruudmihelniingaaies (Volt-VAR control and optimization, WC&O) tdun1s

[ [y

UszgndanuanusainduenmileandimuruinerluduuausunbinayselosindAgyiu
szuvdmine luswiargunsaldidnnseiinddaadse (Integrated volt and var optimization,

WO) avilgunsaldeaistayaunsanuliinsineglugenuisuuudnassmun15noUaueIkUY

¥
I 14 Y 6

A3 SyULFeaIs iz ayanduInulreslussuudmuig fMauauaunsally
sEuuTIMeNdfy Ao dwesdantos (AMlsmart meter) %sogUnsaidu 9 Naunsalu
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,

1

g FEEDER
|

PV ': ]
LTC Control Rotating) | |hverter H ,"
DG ' S J
‘ P
D ' ;)
] ' Ry
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. g Ry
* . g
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¢" o’ e
FHEENE N Dl et
Voltageand VAR | ~ ~T7omeeecc
Regulation
Coordl[latlon .......... = Communication Link
Algorithim
IEC61850

JUT 2.10 M3INsTEUULaIREAALNTINTE 1867
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2.4.2 daniiaviunginingaednlugin lussuuaunsnnse

anilgpudnlulf (Substation automation, SA) Wussuuniin1syinauley
AasiutesvessruuIrelnilasusiaaingujiRcunsedralniln Usenaudivgunsel
dilannsetinddansey (Intelligence electronic device, [ED) Nandadulassnelusyuu

a

9118 fe5TUUN1IIAN1sIeIgunsaiBidnnselinddaases (Intelligence  electronic
device, IED) M3muAuuarn1sUszgnalinuissndussnaunndinun siamutugs Sel
nidufannsaUszendldausiutuaninnia wu gunsalauauussfuLag sl
:@ilou (Integrated voltage and var control, WC) flsridunisasrameaddmiui@ (Fault
detection isolation and  restoration, FDIR) S¥UUIMU8TRLULRA (Distribution
automation, DA) WazTzuviileaI9aa3y (Advance metering infrastructure, AMI) Aaaaaw
wialulagnsnevaussmudesnsialni (Demand response, DR) Fftardulunisinau
fifistuvasamismieliidesuazarsiou msvszgnduualmidifuniseenuuulagld
annonssuvessvuuanfldesdnlusf@ MdAsnniuileitunuudaluisuiulasaain
YosszULFomsdwsumetousilusii uaz AMI flannsaswandeyalusadoueld
szuuanitosslu® (SA) wuuduuazsauliduitsidunuudaludd Wy seuy
uansna mMIrauan uazszuuinifivdioyanisluaaniges veusiiadaddelfnsamuaui
UsgAvEnneeguasaidnluiiRiinnssagnieluaniiiden udlildlivselomiagrasuiion
guUnsnluuaedeuuuudalusli femsuifsvessyuvaniindauuulnifiniamisdmiu
szl duuusaludfity anididesdnluifisldfnmueeiagnaiiiens
aladeuanszuUmMUBne SuLIe (Capacitor banks) wagmsusuussfunuanedeu s
Usggnanuulmidgnaandsianiluldeusutumasendsulnitlussuusmineg
Sfussuuiwessasey (AMI) kasinalulaBnisnavauasniudesnislali (OR)
ansalasiluresszuvantldessalu@ (SA) Ingihldssuvaniidesdnlulia
finvzgnuesiilendunismivauiaznislesiutenaniunigluaaifidey fauwdinduasdl
Iassasiiddyadnedufiiinasgniiansanlinensonaningusyasdvessyuusmlusii
Tuswinuniloannddsdnglniinagiaulnesaludalaenisindaiasaiugy
sveglna (Remote terminal units, RTU’s) gﬂL%amiaLﬁé’fﬁuszwmmud’mnmﬂ (EMS
/SCADA) sheeniauas 1/0 Tuanildesvhlsiudusaluifuniu aniddrelnihdeslidesi
nMsLdeNseruTzUUATUALEILNAN SCADA waglireglviauddyfussuudaludi® uifeed
Usglemifusyuumedounuudaluli@ (Feeder automation, FA) Mifluduniavesszuy

< o

e dnludl@ (Distribution automation, DA) Adnazgnuesliiiuusslevideszuy

a0

Fmeglndgessnludd 39ladnisisudululunlnnIuulnen1sAAR9SLAgLUUAIMNDA

(Numerical relays) #8n1553Usdoyaansiadvesiunasdstayalundiunats SCADA
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3 14 = ! v va 3 =
anunsanauniulannisatuansrerlng seuvandlnihgesdnlulimlussuunaiunsa
Uszyndldauwuudniesimenisiiuanueiyaatatiivanidlniileslasuniswauings

[28] fauanslugud 2.1

NETWORK

LEVEL
Station Level HMI
(Human Machine Interface) Link to network control

STATION 'l ||
LEVEL
Busbar Prot I
= Station unit tm
=]
i NCC Gat
Station Communication atenay
Computer System
Busbar Prot
Bay unit a—
- "~ = o w
B P | ! £ . =l o % | uq g<
LEVEL v B | & | - | E 5 5 - o 5
line Transformer Bay = °3 8'_ g
Protection Protection Controller § 2 s *
PROCESS ? <\:|
LEVEL Sasill
Process

Interface

3UN 2.11 lpssasnvessyuvanildoydnlugds

nsvielussvuiugasdssuuiianansoiaulduuuselud@ udilodinisde
widstendanunmmudeudiuluszuuunntumuuleuigvesniasy Fliuseuiiinng
sounasinendauguisudndumiiiugduld mnfinisduamdmesidrulussuy
dievaeidslufinuenfnenavilsiiussiuivatamagaiuld JsieliiAanadososzuy
Swheluihlfdesonfsssuuseuluihiiuausuiu fafudsududesdissuuauay
usasty waeMaslwihiaioudiemununisususargunsnigmasussulmllfns auuas
aonadesiunsinavesidslainiidsuudasluiednunsedunssfuluszuulni iy

a

Unh

2.5 STUVALEUNAIIUIINLUALADS

Grid-scale BESS Us¥naunig Battery bank, sguumiIuAl, Power electronics
interface @usunisulasiumaslniin ac-de, 2995083, Balance of plant hardware,
wasniloudasiiontanodne BESS iluszauwssiulnihvesssuvdiwiassuudmiig us

avvernataluiitagauiua1e WHUNNWLIAAYEY BESS agredeuanslugun 2.12
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WURLHBIN LY ML BIN AT TAINAA1EUTELAN NISLEDNLUALADSTLAUNLANAINSUNNS
TguiulienudAyseaulasndy 81gn1sl9uTeITsuy wagATEgAansveIlATINIg
BESS [30]

System Integration

5UN 2.12 drudseneuves BESS wuuysanmsiieldusuusansinnureassyuy

wadluAmeIuaLIninsilend sl uueyn ULz LuvsL Lo il FAa1ued
Fosnnsuarusssulniildeuvesszuu Tunsusauagfavsauunmeianszuunisindii
suunUaIunaslwila (Power conversion system, PCS) 3gadviIn15hUasseniIng
frdtlainga AC wagdslnliuummed DC msvihnues PCS azdosldsunisauniagng
szfnszadeliausaltnununnedliegnaasnsislusasiideanisusegndldiulassnns
anvie BESS azliAnnumannuatsvesmnaunavessninulfieeniuusifiesnwgamad
warnislnaieuvesenniaiidesnisvesdinysznovresszuvluseninanisandunis
Wudefun1sesadulil mseulnl wasnthiisuanulaendedu o

a 1 a

InanAnagaaawuInsngInuasusultinalulad BESS Tuszuuanvuignadanu

Y
(%

i nilslutufensdniAudoyadiunarsiisesu MW fiaandsmingliinges Aedu 9
FoamsifiuszuunsiaLiundsuruiaidniinszanseguuiidoussuudmine iWeuse
ipdovneiisheiu uarmuaunszeylnafianilulinges dedvesnsdafiunuuniuguddo
nsdndsgunsalliiiannddesuazgunsnl SCADA &1 wwun1smuAuidedu n1s
Uszniiasiauunn (Economies of scale) vunauagiuvisimnzauazuanaafulluusas

site to site waEAIUNTUTEYNALTI
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2.5.1 arseulooaununtnas

wumseIAiBeugnasstuatausnlul 1979 Tng John Goodenough uag K
Mizushima # Oxford University TugisdusumnedaiBeuiunansalnlinivedlymenny
You 019nsldo wagdumaasady nisWaLUAWeS Lithium cobalt oxide AU
Carbon negative electrodes 7 Sony Tul 1990 Lﬂ@ﬁuqﬂiwﬁﬁu@amema%"ﬁﬁauﬁi%ﬁu@shq
undvanglunsldonmesuilon  duddurmanilfifiviregesndlugramnssumas
wudaeamitnenslinuly gunsaldidnvsedind 1eSesilegmamnssu (Power tools)
erun gl wasidaduideusnniuly Grid-scale storage

varsausnazAniluaneIaBeufisaviafer uiluaanduaiauds
MeSuneiansznavesmaluladiuaniafiuvansduuuy uiasuuuideduazdeidounnsing
Ay TagvhnluuunmeiasloudeaBoulossussninlassairedianinsnuindasznauie
a13Usznau lithium wag Transition metal compound wazTandianinsaaudniinain
asvou UARTeniduURATeunsniiunsndBeulosouseninsduvdodluly Sites Au
seviruudidninsouaglivililassadomuaivestalwiideuguanmile :sa/famsa
wilpufukunweIngiansniiliAnssTinfisnudy

Chaige Disch mje

o -:-:-z-

Larel E] .% - .

“ﬁ .o.o o’o 21 B

a—m .?g.:. : .4“ Dlsuh m]e
o e .-e-e-{

POSITIVE NEGATIVE POSITIVE NEGATIVE

aaa

gﬂﬁ 2.13 nswansnalnmsiinuisendideslossu [30]

amusznaulugun 2,13 wanddassadisiaznalnn1svinaureiuunnesa

Beunitiaunslng (Graphite, Co) Aisexlosautugnunsnidnun unsn) irlulununnge
lulassadrawanvestivinysetiaudeduiusiudidnaseusuiunilediluaniuleasaieuen
ANUEnsLaLes Solid-Electrolyte Interface (SEI) uufiuiwes Carbon negative Faifu
wialuladves Sony MvhlvnnnsiaL wawes SEIl neduduaudieysauunmesidunsausn
JostunsiiaufisennildaunsamuauldszwinsUszgauivdianivslas
aa a a a Ao o A v a Yo
LusneIAsEulinNEI A AyaeUsen1sidesanatlaenisidentyian

N59ONLUULAANTON1TRBNLUUTEUY wazN15UARLN AudssraIifeonuiouaiuly
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Feghulngjdinansznune Negative electrode wagunsalwunniAuludauneateeiu Positive
nsiava1eves SEl inTuiigamiiuseanns 110 °C dwaliiinujiseliaunsanivaula
F9138n791 Thermal runaway UjAsennlalanunsaniuaulatuasiindusenindiseuleseu

a

vosBidninsndaavuaridninsladdeinyhlnAnlulug SuseifunindenldfansidnTnsaly
BIUInNAdNEYBINNTTEUIBANLToUDIAUANAAUBE1sINF B L UMD Tl TnLAauas
TruoaduanUdesndsusnniugaanadonluaniunsaifimiefiandauandu suil 2.14
SunmeduauUasasefidfysu o ﬁ"ULL‘UGILGIE]%EL%EJ@JEJW’]HM‘J@J@U%Q
LuRne3TsisaBenleseudiunnnuelnafilassaimanliiaios Yagdidninsadauin
(Positive electrode materials, LMO or LFP) u19%ie a’lmimwiaﬂi'mQmizﬁ‘iﬂé’aéw
soidlosfiosnnanauifvesusaduliihfiiutuegumasuilonunmedidy Ssasdosiy
Lilgunsaididnnseinddmivnisniadedulmdnssuaiminle 9  wunnednlad
AnantRussiliifeddasasnmeueniftetostunismsaliiuiiotsiats (NCA, LCO,

NCM “1a8%)

Differential Scanning Calorimetry; DSC

4.5V Charged Electrode f

Scan rate 10°C/min /
| g NCMS523(NE-G10)

NCA{NCAD20) f
LCO(KD10)

-
(h]

Heat flow (W /g)
(S

LMO(TypeG)

i

130 170 120 210 230 230 270 290 310 330 330

Temperature (C)

5UN 2.14 N13n58218ANUTOUTENIN thermal runaway dmsudiSeualivangviin

1u Grid-scale storage WumBIABELATAMAMUIULLAT B1gsldaTud
17Uy uazauvaenstlusazgnidentnninussiavinlulugunsaldidnnsedndnnmng
faumuuiundanugs UssavdiBoutuiily Grid-scale storage o AFvuunsnila
ponled (Lithium manganese oxide, LMO) atfasloaaunaan (Lithium iron phosphate,
LFP) diSeuiiniialaueadegililoneenles (Lithium nickel cobalt aluminum oxide, NCA)

way Aeulnmius (Lithium titanate, LTO)
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2.5.2 SEUUIANISHUALADS

sruvdaifuiunmeivuelvgdesiliAuaugalussninnisiluldouan
Hmanefidesnis susdertufdonudlaindnuszneuresssuuimuntuihauldesis
Uaoadsniglunisfinedniseeniuy (Inevialu @e ussfu nszualniln uazgamgif
Reades) uazmsmuaunIsnIs/Aavisauunmeiaueigmsldiununneisnuiuiign
winazdullsuasanldinglumsdniunuuasihgenvezanaadeliidulumudedmun
omawanisntudedld nstavanedu nisussiiuaniug uasdoiausuuzsznitsgunsal
#9 9 ielsiussauimanemand

flsituvdenvessruumuauamisausnesndusruuinnisuunine’
(Battery management system, BMS) YafiAiuAu PCS #amuAuauluuvan (Plant
master controller) Udanwaniuandlilugudl 2.15 Fududaanasdusznounisnigam
Y99 BESS flagfosiuiinveulunaidensie fleiduiunnietagnondietisdunonmaindy
#a  Tureuiusesgnavinssuierdmiusyuuitg q vieamsausneenidugunsalitlsl
sevilosanedafideasinuameedarsodulouithuaddussuuiitvnslnguasdudeauni

uRazudaanisiteumattosutelIdnuans

GRID

BMS DC
PCS Control
I““—E;r;Etery EﬂC]{OSUf'ES__ _________ ‘ E ______ _P_t:g 7_'55;1;&;_5_;(_{(; _______________
' " Metering
. RTAC « |, Utility

e Server/GUl <+—= Operations

1
! Center
I
I

Controls / Accessory Enclosure

JUN 2.15 feeelnezunsuaningnssussuuaiuaud iy Grid-tied BESS tduELALLAR

nsinavestoyasznitegunsel

AIUL BMS MN80458UUNISIANISHLUALM DTN BTLUUNITATIIFDULUMLADT

¥ [l
v o ]

= Ty 1w oA Iz o | | X Y <
GUUEJEJ U?qﬂumWQﬂﬂjUﬂqiﬂjUﬂmwialm VDANNUANLLUUDUVDY BMS mu@%ﬂ‘ULL‘U@LW@iLLag

WA Grid-scale batteries d@ulnglawaun BMS Tuthunusulinunziun1udesn1sues

e

-
LURLANDT
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1) BMS functions - Monitoring
TaAndadanumnas BMSs Manunazinnsssuluiln nsewaln was

v Y

a9 = oA o i s o
Qmﬁﬂuﬂﬁflﬁ§Uﬂau1’LUmL(ﬂa'ﬁiﬂﬂﬁ')ll LSUULWEJ'JﬂULLmagL‘Uaaﬂiaill@]al,ﬁﬂﬂuvl’wm'] ﬂﬁ%LLﬁiWﬁq

a [

wargaumginuaudnlu
2) BMS functions — SOC and other parameter estimation
BvS agldnstamdriiflentsduanvieyssunaamiaiines
dddu q Asududmsumsihauvesunings msiweslneUsyanaivani s
2.1 amusmié’mﬂﬁz@mamumLma?' (State of charge, SOC)
winundaiuluwumnedfniduesidudvesnnugndsnugiansesniianugndanu
2.2 @01UgVRIEUN N (State of health, SOH) : AIMUINAIUVDY
wuameilasUnidaz Julesidusduessnitmnuqiidvunlvi SOH avanasedreliled
naenegmsliuveslUAmeILaz Il UnIeIMdee U As UL UALADT V]
2.3 pANAN1TANTUIIUAILLIAT959 (Real-time  operational
limits) 19w :
- Maalviihnisansa/nsfavisageanluriui
- nszualniinisusa/nsfawisagegeluviud
- U3l 3§/ NSRAYISIgegAlLTIL
2.4 L?mM%EJSEJUQUﬂ’J'Wﬂ'Wﬂ’]EQ%ﬂ@’liﬁ@ﬂ’]i@li?ﬁ]ﬁ@Uﬁﬁ’]LﬁUﬂ%ﬂ
solumsuszinasmniwesiduiladduiiddy lnsanyegisdmivaniunisaidaUses
YoaUAAa3 1110 SOC Hulsigndesfonalululdimdssuagmnisufuluiiagudesanin
wiedudyrsanunmesinmiuly Taosediardanaldusy ansamaessyuuugasann
yuNesveglvunsvsogndn Tumsuftaenaiiuizessinaunniiozmel SOC og1ausiugh
paensEzansThraedluaiesanenuimeselud:
- Juwesiideuanses Iynidendeisuniuuaznisaeu
JeuiifinanensTnuagnisauam
- UsgAnBamnisulasndsa DC Wundseudiiulidulal
auysoiuazuilsiduiudsveamnainesidu SOC, SOH, gamad, mnusfununely
LUALAe3
Huraliivangislunisusadu SOC urssunssunas Asidsnady
fufidrdyresnifouasiamndmiu usdv fihgunsal BMS tiaueniwsiuvesaniuy

voumAluladiarn1suaniUasuisn1snng o
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3) BMS functions - Battery balancing

AnsuansadntossEranuameIazdnaliUsE S A AN $e
uAnFsRLAEEMsINSMEUsERREReS (Self-discharge rates) wagiilonatriulumaneds
ansuansnsiiialalu SOC ileideuseuunineiduumnlunuveynsududsddgiazdes
$Snwuslaziadsng SOC rdnefufunuamesflegseu 9 mszimswsannifuluviens
favsanniullenavhasorgnsldnuvesunmeiuasenaliusunserennuuaonfels
Sedumnuanansalumsaeyszaiianansaldauldes sting uunmeeynsuaziiutes
LUABITT SOC ManuazauqlunsmfainfureaLumAeInd SOC gegn Msguasny
SOC Winfleufuita String GuaqLLUG\L@@%%L%'aﬂdwamqal,wmmaé (Battery balancing) g‘dﬁ
2.16 uanwavesmuliaunave sUnmsIon A salunsTduve sy U

LuALAeI UMt sunsufaliiAuldlagliiAnsunsne
Tnsianzuumneinisidninsladuasyfizeiiuinasuummedinditdannsnyivauna
Tneldmthgsdnniisnumdariutunneiiomail SOC 100% dmsuuunnoIaBemay
nginsadnlngdlilvisivasnisuavasaunavesuuninedagsiosswid iy BMS 24as

USvaunauteaniluaesussunnde Passive uag Active

Usable -9
Charge

»Max Capacity

Usable
Discharge

Unbalanced String: SOC = 67%, Usable Discharge Energy = 33%, Usable Charge Energy = 17%

-

e e — ” 4

-

] Usable
J’Charge

>Max Capacity
Usable
Discharge

o o

Balanced String: SOC = 67%, Usable Discharge Energy = 67%, Usable Charge Energy = 33%

JUT 2.16 nwdsznauvesaLnalUALAeT [30]
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3.1) Y3AURaRUULNETH (Passive balancing) lfsumukuy
Shunt Wuaiadlududadudalniiieaeyssquumnesiill SOC geasluaufeszaudiaufes
1ARISN1sNldRunuAwazienantun1sUTuaunawarldiuegaunivaty JeldeiuTouse
wasnuiulissgnnszaisluganueutisuszansnmuessssuvanatazenadiaiduse
JEUULATHFANENS

3.2) MITAUAALUULOATIN (Active balancing) l¥ainduazaunsal
a < a € o w a a ' [ d' 17 vy = & v
didnnseindmddlnihnteuite wdsnuaunsairdeudglanienisgyidedntosan
A0UEN159NUTEVRILUALADTFIUNUAWBTEY 9 T String Nilanugn15onUTEves

o aa = v o a a 1% o

LURAa AN Bnslldwmaliilinisusulsauseaniamannisnszateaiuseulussuutesas
wazluunsnsdlonvdanaliiinmuaugavessyuuiliaunalfisatu doidefefunuszuuwes

ANMUTULDUNL ALY

2.6 unagy

TuuntleiauefarssanssunneIteIn U Uy Fenannfauwnasnidaluiliwuu
nsvatefaansynunussuuliinnas Jguimdslninligianetaznisilasuuas
ANMUDURISTUUEIaY A la A mUUNSE Y Wiy kraenwdalWdaewadtasaning

[

WaumoldfuszuuldusuInunn saudalalasnse anvaslassasisvestulasnsandday

<

da a B

n1spuANmEslifin SnvuzuasauaunURvaLUnneI Atelegnu TeUUTANITUUAND
Hadeiidinadongnisldnuuunned nisldnununmeiimngay ssuuianisuunae’
A0UINIINUEQUUALIDS uagndBusoLuvayNnTuiAates Fsmstnunneluld
Duuvatazaundinuaiumiudenis Tun1smsanagaausedndudemsuinudnvue
#19 9 Taadesfemani ilefiazaniisaauIsusyUUNIIAUANLAY SANTLUALADST

winzadlageazinausluunaaly
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n1sAuANLUULaATndlasluduaslulasnia

3.1 uni

ANy mauiiRtuniseuesuuuueaiivddasiuduedlulainia ddlslasnia
Junisswdveaeiesiudalvliiuvunszatevatodi (DGs) 1y undandsnunyuidou
wpardaliivily uarszuudmfundnuilitondsoulifiuasndanuaudou T
Undudnlulasn3nagiauguinuivszuulniimén egrlsinuivisnsdilulasniaviiey
Tulvin Islanded vdoagluanuglilfifousedusyuy uonani islanded lulasnInannsn
Wasulnuemsvianuite @esdeiuszuulnin lnsmsdesselyifuszuulninly da3undn
“nnstalaslut” eehslsinunsdslesludlalasniafiviauiv DGs wazlnaavatosll
ansnsnmualdlag synchronizer wuudaiu Fuduiesudulunisauameiestuialui

a

wanafiwazszuudnunasuludnvaenisuszanuudmsun1sdelasiuduadlulasnia
Tudauil o TafldYamdne o iesnlalasniavsznevlusmegunsaBidnnsedindring
ﬁugm (Power electronics-based) ¥o4 DGs nanesuaziaiaafndalninszuaaduiings
n¥suniy nuideiauegunuunsruaunstlasludildnisrunuuuulssauey
fiu tAseUIeg1U (Network-base) ¥8ma1e DGs 31nuan1sItaeslagldiuudnags Simulink
dynamic -models - wandlifiuinguuuuiildivlilasniedmsdeuselmitussuuling
dotold FBnisiiinaueildfunismsisaeuanugndes Tasldnsdnaaouiunisisains
naaosedlsaduuuylulasndalunsu iR dedoddudmuszneviiddydiuniduniside

waginussuuauaumaalniaseweslilasniadviunislduat

3.2 MMIAIVANLUULDATINGLAT UG

\Weymduil agasunaneiussuumuguuuukeaiindslasiudlalasnia n1sauay
waRTNGslas bugyinlmeasasnda i vatewmIasaunsausuksanubniazanuive sty
Tasnsataegnasatiadlunisvinaundauny EPS

3.2.1 lsasunuulalasnsa

\avngaULazAII@0UNgANTINTeIssUUlNTATNI AT Udou Tesaunuuly

Tasn3alasunsiamuluiesufifins vwnvesssuudvwiaanninlulasn3anldeuass A

a

JUT 3.1 wansnisivusavuiavedsasunuululasnia lssiunuululasn3aeusadiu EPS
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Tnaunflouvasiuy Step-up irugunsaldidnnseiinddaaies (Intelligent electronic device,
IED) uazaIngloufneuuunsdi (Static transfer switch, STS) ﬁﬂw@mmiv‘zﬂiaumiw’jNam
szuv szuululasniauszneusmeanedeusiuses Tnsaednzgnitaswhemeduiuaud
(XL1-XL5) Fsfiduandrafuduogiuauenivesans Aduwmisiunnsrstunnsummidly
svuudmihelalasnindasilnanlui undandsnuiimuveuldveslulasnia fe svuy
FoAunSIuLUAAe3 (BESS) uaziadesuunmaa (DE1, DE2) uiasnanlnil DGs fuumas
wiunguisuiliamsamuesild Usznoude infesdidalwihanwaduasening (PV)

Y [

favuau (WT)  wazfaiuaunisdnass (WTS) feiuaudiaesazideuiuu WT lagldyn

Motor-generator (M-G) \ie@3unaansiiaonadeuazyinagilalunsaifliiiau [5]

PV Loaddl WT | |Load5 WTS | |Load§

A LRI ey

- EPS
|—q» XL2 - XLI b /J}, = STS

>
N

DE2 | |Load3 DE1 | |Load2 BESS| [Loadl IED
Y r'y r Y x
NV % AN o, VA =)\ 4

A
il

Microgrid e : 3 Phase AC distribution line

Central L
Controller - === :Communication bus

JUN 3.1 lassafevedseruiuululasnia

3.2.2 lassnsnugIudmsunisauauLuuLaainglaslud

SUTt 3.2 wamsguuuuiiuguuasdygunisinaresssuuaiuaNLUULa AT
Falashud gudnansnisarunululasn3a (Microgrid central controller, MCC) 1ugniugu
dunasdmiunsmuauuuukeaiinddlasiud iesandmuszneuiinisnsyangluaeniig
msmuaunsddlasludiaueiahanlagldiefotonisioans Asusuusn MCC azdndula

'
[

TNUANITNUYBITEUUMNAD UL VBINSIWaNAD EPS 71 IED/STS ASIaNULALILaIAI&a
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Tnuan1sviulugs DG Aanunsamuauld MCC §efudyarmuouraanain IED 91Uy

AwkaznsEemamuaulaglidanesiunismivaunstalasludnldiuey Feawds

'
o
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Table 1-2 The module specifications (AMO1202CCAQOSA)

ltemn Specifications Remarks
Nominal voltage *1 276V DC -
. . Discharging@25degC 02 C
Nominal capacity *1 40Ah BA) *2
Max allowed current *1  |120A (Charge/discharge) @25 degC
Operating voltage *1 18.0V~324V -

Cell composition

2 in parallel and 12 in serial
(2P12S)

Use of SCIB™ 20Ah cell

-Measuring of cell voltages and
module temperatures

-The notification of cell voltages
and rmodule temperatures

~Measuring of cell voltages and
module temperatures

-Cell balancing operation

-The notification of cell voltages
and module temperatures
through CAN

Function -External notification throtgh CAN —Cell balancer can be operated
-Automatically numbered CMU-ID through CAN
-CAN 2.0B: 500kbps
by UART ~UART: 1200bps
Number of % AN AN, (22 modules in series,
connections Nominal voltage: 607.2V)
thk:fﬂ:ﬁ:{dlsoharge Specified M6 screw Tool T20 Hexalobular wrench
Unit: mm (Excluding protrusions)
Dimensions 187.3(H x 3685ID) x 122.65(W) {Tolerance refers to “1.3
Appearance/Dimensions”)
Weight 14ke (Approx.) X

External interface

CAN20B 1ch
UART(IS09141 Equivalent) 1ch

CAN communication connector(8
poles)
SMO8B-CPTK-1A-TB(Manufa
ctured by JST)

CMU  operating = power

Voltage: DC12V{10.2~132V)

Supplied from external power
source
Instantaneous interruption. less

Rated  consumption — current.  [than 10msec
supply 17mA Rush current:
Approx.7A (Only 1 in series),
~Approx. 11A(22 in series)
Khgratgs -30~+55deg C No condensation *3
temperature range
Storage A Recommended: -10~+25deg C
temperature range 30~+55deeC No condensation #*3
Humidity 1 5~85%RH No condensation *3

Operating altitude
range

Environmental condition

Below 1,000m

When this module is used in an
area over 1,000m, please
contact us at the address
described at the end of this
document.

Note *1 Initial characteristics in manufacturing.
*2 Charge/discharge condition
» Charge: 40A, 20A, 8A, 4A, 2A/cell 2.7V cut Step charge
+» Discharge: 8A/cell 1.5V cut Constant current discharge
*3.This module may be damaged and become unusable due to condensation.

5UN 4.2 Joyanunailnrasiunines Liion
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wasa e dluatanelzdnaliaudve sz UUUATULUad b fetu F9badin1sUeas

waseinduaumaiu BESS asuilladunisilasuitategasinsilunisasnidsiniieen

'
=

Welidnsianidesidslninednneglunasiunsgpulunisgeudulassielii dns
araBpamunainInsgIuasinualinaluainnisinidalindreiduilatnd ound
(kW/min) Fsdns1andesazanadaanizinadlniiigsaves BESS wintiuuasitaslninaiiou

(3 <3 ! Y1 a LY [d a d' 1% o o A Yy
anaNausadalaguieiulazidudassiielissuulniigedug lasuaudmung
wuileAtunsrIuau 13ad/3 (Volt/Var control function)

MsAIUANSMIIAIALBEsargREDnLUUN IR TIaTUNTITssuueEseliiasved
Adalniinassannisedalriiieaduasenfindiieddiluunnisvsendenishanisaves
BESS fatusnansinavesrndsiniinednasering BESS uay PV Wudssuduilofiarsun
fhenuRu BESS Wielvegluveuiumdrinvesnislui fhruusnsTIRLBestiartsanaau

=

oo lifuia3asdnsmay (Rotating Machine) fidoudaiulasstnglud (Grid) 99nnslH
Adallina3sves BESS  Feanunsawmwelifuszvunas Josduninudauainnisinm
iafusmenasfivesmdsliiinesauas anufvesszuy [9] Tnedndiedesiudanmdeudy
Hadvddnlumstmuasasaaidesvesmsivasundasdmiy PV uazn1snuausnsain
1881 138977 smoothing

4.4.1 NMISADUAUDIAINA

P Y oa Y] = ~ Adw a1 & o

fawivzdinismuguansiamides n1silssuuvesaudnduiegiduuisasilussuy
WSIPUAT wanAINLALRTIENNTaAsULUaslUlA luYe 1-3 Hz Tussuu 50 Hz #Sassuu
60 Hz Wawguiuszuulniirludssimaanszowsnindnisuaaiiasinfingeds 1,000 MW
nsilasuslasvasanufies 0.1 Hz Alladaszuulniiagrauin niswasunlasnnudd
a £ ~ ' = o a o A a =
WNnTuaziinansynusenanrasUssinviaziasesnuilalnfiasaus nsiddsundasanud
AR 1NAS LU Y9N sEUIUNSHan A LAz lan AMIUENNITENI9U89 Thevenin’s
equation waariaslnfnatvayulaseiialnii [9] aueesvesszuugnimualindu H

MAUANNNTT (a.1)

e stored kinetic energy at synchronous speed @.1)

generator voltampere rating

%4 H ausausranandunisnevauesnnud 9nA1dinAINYes H dunisi 4.1

aunsaeulmidmsu H sanalull
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1 To?
fimst 2 % Ppost ZP dj; .
dt post d t

Faneves H fie Jundl, @, fio mmisudausyuy, f Aenudvesssuy, P

Ao TuIunsnanfiaamdendaanduasesinialuil tip waz AP Ao auinvesases
Audaluing trip Tuszuulwihfilugagiian H windu 6 3ui wseninnin Fuduaiauise

Usvendisrmasnuiigniivlugvesusadesniglulsinesvaszuuliiinmds Feszuulnih

[ '
v 1% 1 =

faaneA1 H MAnTuAdstosasmeiufeny kazaiudaziinni1sidsunlasunnduiiaLin

Step change lumsuanluinvSeluan agalsiau @l H Tufidl Ao AU H weesEUU

\
A ol a v &A1

Maslniuaziasesiidaudaziindan H vasiies [54]
SomnuifiAiAunaeiinnsg sy UuaIUANasdensls BESS ¥innsunsa Tunsdli
Over-frequency ALY UWATIRMUASIagzAANIS trip wazanlnanoenitasfantues
Ann1s trip veanesfidalniianmiufeuluian esnnanuliihiuesnisudnlih
nslafmuuuuudnd Wetismioanmaalwihlunsdnwiaiosnmerwivessyuy
Lol é?fawgﬂL'%&ﬂdwmimauauamwwgﬂ (Droop response) Baiunainssuimlulufives
Generator governors ﬁamgﬂﬁ"s Speed-droop #58 Regulation characteristic n15RUALDY
wuunsUlLdY Governor agilanidnwazivilousnuauuuudnduiislsngnisvetewiiy

1/R @441 R i AR uNIsMIUANAIIILTIZIAUARNLENNTS

percent frequency change 4.3)

%R =
percent power output change

%R = (ijloo (4.4)

@,

B9 o, Ao eudadivagliilvan, o, fomnuiiadivasilnan, o, Ao
Nominal v3esnsisivenniesiudaluin [55] Ssvmnemnuimismevaussuuuagy 2%
avdaaliAnnsivAsundas 100% vesiddlwilioing efinsivAsundaseud 2%
%39 1 Hz Tuszuulii 50 Hz

ea9n BESS THBunefineslunsudasiumdsliiuazidouderdrussuulnih
Feenunsomuauindslwihlfogenniuiesnluifiaudesluszuy dufusasainides
Tushuigalwiierdnmazdedlndidssiungdnssuiinuluiaiesiudeluiainauiou

BNsNeNgafenI1sAUINLUUATIREA (Digital offset) Litalunaslniiiednwnves BESS
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POUAUDIMIUARAIUAUAINND N1SmavAURIRzintIalu KW wazazniiualaniuannis
folull
fgrid_fDB
_ fDB
Response=| —=L— |x kVA g (4.5)

(V]

a f, Ao eudwesszuulnil, £, Ao mnudvaslinismevaues, uay kVA,

Ao dnsinaalniinves BESS vy kVA Tugui 4.8 asUuanin1sn1snauauadved BESS vun
24 kW Nin1sanasresnnudlifiu 2 % duikenandumaidalniives BESS Nniuauly
aglunaivinvuavenisliii Gnsnevaussrindalniives BESS aziludndiuiuninud

179IN13AIUAY

51

50.5

49.5

= — 24kW —-—=+24kW

J

UM 4.8 N13R0UANIUDY BESS U17A 24 KW Niin1sanasasndnudlaiiu 2%

4.4.2 N13AIUANTATIAIABEINFDUAUNITNDITUN C o AMTUMAINNTAITS
¢ a  cdg v v
waausasaingn lgaulnseu

foyanisnanlniimduaseniindnuiiuandluguil 4.9 MWlunsesnuuuruninves
BESS Teyansiasuutasidaluiinieiaan PV aua 15 kw azgndudinsgninanislday
Foyafhinunmmaseufomaieiildangudeyauas fsanmnsaldifiefmuaiaudouuy
voansudnlwianwaduasefing W/min) Tuuuiunudiazianisnsaindesnisuas
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WasuuUasiunamaduasefing aziiuldin nsiasuudasiidalningdanunsa
WasuuUasléan 50 W/min 2ufi 12 kW/min maidennsninessnsaindefivnga
dIHARDNITUTUILIALUAABT YOS BESS Fearunsadunadiuldindiuiuvesnis
WasuwUasunginssuvesnssanridslnihaneaduaseriindannsoldifiefmuasun
BESS Tmnzauld dnidendrsnsvareidlnihaseunquiisnuee sn1sdsunlas
msndnliihaneaduaseiindazeglutasUszanm £12 kW/min yu1aues BESS Aidednis
gonuuuIziivuaiiluguinuazdsiaiuns Tunandufudnudondas = 50 W/min vuiaves
BESS dududosoonuuvaziivuiadnuinuaziidununisasyuii urvasvesniside oy
fdsliihasearliansarlddisaielimasiningssSsunutmngls dufuasden
YuIRTINzaued BESS dmiungnssunisiasuuvasiinutesiign duanslugui 4.9
egiiuldinsdenvutdlnialiiifndudesfianazegludisuszata = 800 W/min
devawenindosuuiddlniiagese BESS Turas = 800 W/min  idsluiinaTesiu
o wimmaFeuiuldmutmane

msmuamé’mflm@Lﬁmﬁwﬁmim Coure VOILUAADIAE TneUnRuunAeI AL
lonauavdl C,e Usvanal 2-3 wiwmmsuaiﬂﬁﬁﬁszuvﬁ Farl 2 19093 Coe (2C.0) 98
vl Lﬁ'ai’]aqﬁ’umqmﬂ%@mmmm‘% é’aﬂa%%umimuammﬂﬁu@mamﬁ’a Coate
Juogiustiavosunmeiaduiuuhassauandugui 4,12 mnfinsiasuudasiadladi
93988 + 800 W/min Uag 2C %gmﬁam‘lsﬁﬁ’ué’mwﬁwé’ﬂﬂﬂwmmema%mﬁ’u 24 KW
fatiu BESS vw1a 24 KW Sadnanldanuuadliidalniinle + 800 W/min dsnalsiidalin

a59naelinuszuulnfhAeud9man

Histogram of PV Power Generation Ramp Rate (Watt / Min)

On Tuesday, August 2nd, 2016
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4.4.3 §aN239UNIAIVANTATIAALBLS

ganasfiuNIsAIUANERIIaIABes BESS Trawaiiasiniiasenidssuulives pv
sgtnausduludiull FBnsiasyilinisideauuigdslningseann Py Seu lneimuali

P (t)Ao Aasluinves BESS dmsusunazdtemasinilrliiussuu JEMS agunlaain

BESS
A o

aunnsil 4.6 [56-58] ude fddlufives BESS azgnAuasvdsulunuiouls wu e

fvuald £, (1) Ao Mdsliihindalaan PV flin1sidsundasid fnan (t+1) aude

(t+1)

ramped
(

P t) Ao 9ns1a1Ad8avaIadlnin Anan () Sdeuluduaswaznadnsilaaninnis

PV

ANUILANUBENIT = ANUANNST 4.7 LANNITOAIUIULND WA P’
(t+1)

LDe9UINALNAN a1 (t+1) Taanaun1si 4.8 wazd1vnuantaannnisaviiAnuinnin o

ramped
(

) Ao 9NI1A9

vidoogszyinemn +6 aldfeulvdmsunsdunaduanduaunisi (4.9)4.12) awdidy
dlo +65 i mmﬁé’mwamL%&ﬂﬁﬁé’ﬂlﬂﬂﬂﬁgﬂaﬁmw +300 (Watt/min) ifeaaniUszinalne
Tauiiii 50 Hz suranmsgsvuelfisnisUdsuasrudlaliiy 2% Fafunns
Wasuuwlasidslnihwes PV anudadiuiduluamaunisit 4.3 inannuiugs Fediaildiiu
+300 (Watt/min) @usunisuanlwiliannwaduaserindvuin 15 KW nazaunsaesuiele

LUALAINNNUTENDUTDINISATLIUNAENGNITAIVANTNTIAIALDEN Fasansluguit 4.10

P ()= P;;(’:’ff”’ ()= By, () (4.6)
I N 1o QN YRy (@.7)
P () = Pyy™! (1) +(=9) (4.8)
@I Py (@)= P;;(':f’ed ) >35 (4.9)
PRt (e) = By (6) +6 (4.10)
I —5<P, (D= P,:;:jped <o (4.11)

B 0= B @+ (o 0= B ) (412

PV(HI)
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Tuguf 4.11 azuanansinsafiuenidudnauiu Tne BESS awgnilieusiefignidouse

591749 Grid-tie inverter AUMIBLUAITIAUIBIUIR 380V/24KYV AUI9UBINIBLUAIVUN

380 V o adeusiofuaadsvesnsinily mslaveadidslndiian Pv ludilaseanelain

zidunvuiiAannafeanaznisinavesiidelninann BESS

UL UUED I ANI9HY

duesHasINgIgaLaNsa (Point of coupling, PCO) s¥ninantowlasdnnuing
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380/24 kY
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4
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U 4.11 unufsves BESS 1essialasatelnii
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2 o a a s s I3 A ¢
Ao ﬂ']aﬂ‘l‘V\lﬁ']V]lI’]f\]’]ﬂ@un@ﬁLm@iL%aaLLaﬁ@qwmﬂ, PV

[

BN

Tuguf 4.12 AguanaluUInaeIiugIuNISAIUANENTIAALBL NdanAda Il

ramped
(

PViit1)

P

P

V(t+1)

(1)
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[y

asedeltih uag A (¢) Ao Adslnihdsluda BESS anuddiu I5n1smivaunsunniely

duilazihldlaoimuadn £ () idesms dudsmunuiigndnnangld A7 @) lu
K a+

Y

ramped
(

SYUUAIUANDIY P (1) #P t) Wernmsmadveanisianmase gunsaiunu uae

Grid P\/(t+l)
PednindnsiadlninveBunesiwesiwaduainiiing n1sdnaeslunisfnuiaselduiivgiuid
awarwaniiiuguduaznisnevauesmnsainluduneswesilueiudidewiniinanseny
dnteesioruadiiana Jeaztiremiuaunisinavestiidslviinasves BESS [18], [59] fa

LLamﬂugﬂﬁ 412

<
1K
Pro, (08 | = [P gy
y Ramp-rate ol Y
Crate limiter
+ 300 W/min + 800 W/min

EBESS,ref (t)
JUN 4.12 ULUUIaeInIsAIUANSIIaINLBYIed BESS Muagiumsainmaslniiuas

AANYEUDY C e

4.5 9aNKUUNIIAIUANLAZNISARARa1 s M ULNLATNIA

lnssansnsmuaniniiaueuaznsinsedeansd mivlilasnia deuandusui 4.13
Sunefweswidoudetuimuadnsademstudmsvussiulrifineiwauaganuisiuma
Tuslameanisdeansunmsgu dotaazgndsluasaunuuesialasniadmiunsidadouas
nsmuan Tunnujiiudrssuuiiwesinindaaios (AMismart meter) agldiiusiusu
foyauaziledtu YEMS axvimihidusmuaunisudaidalnitas muaulnanauiuans
Tusuit 4.14 mavssgnilfanlaliasniadiauuy ac uag de anmnsolfonildtuogfunisdean
maveapaiiauslivautulu [60-62] mawdasturdsliiannsafmuaalsildtauy

ac U dc wazilad de 1Wu ac dwsunisvnaasle



69

UTILITY GRID 380V 3 PHASE
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1
Yo A
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Anudulule deseaziBendunig o amisasduiglansil

5.2 A1IATINEBVRUUTIARazNsAIUANIIA AT lululasn3a

wuudiaeslulasninlagnimunyy fauanstugui 5.2 Tagldlusunsy PSIM 101993

nugunlglunisdnasinisvinnuuaziidnvazadienuieasiiasdumdslniilunaufos

Y o

19950 UastumAslninsasfrazulasussaulniranumalmduszuu 380 Thad wse 50

B399 Fedouan1suantndrannwadnasoning Yauanisuaniidelnilianndeiuay way

Y Y

foyavastuudlnan nszuufvteyadrgninnlddmsunisnsivaey fuanslugud 5.1
uaﬂmﬂﬁé\’mw@uﬁlaﬁaaﬂLLUUSU@& BESS Sanldsaufuluiea BESS ilownveiidaase
Tulalasnia deddslniiAansidosvuluidesannnisiudsuuUaswesnisudaliingn
[waduasofingvionisdsuutativan dadunisnsaeaeudsdiegassaniunisal Ae BESS
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wazfaslni1aseanandudesanevas BESS aunsamuinilalaenisidaunisi (5.1)
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6.5 M3nagauNIIAIUANNIEIIWHIa39vas BESS Tue@lulasnia

Funuunismuauiidslaiiaieves Bess Tuedlulasninazgnasisdudmiuns
naaouLazn1sUssiiune Tusudl 6.6 wanddiifuienisdedinisnnassvesnizniugy
Mddluiesessruvazaunduanwuamesluedlulasnda drulsenausi o fdu
uwnasidaluliinlululasnda fsguil 6.6 (1-7) Usznouse (1) YnszuvATANNEIY
LURLADS (BESS) 1A 24 KWh (2) Wm‘%aaﬁ%ﬁmlw%mﬂLﬂ%wuﬁﬁmaﬁumm 15 kW (3)
yarndosiudalylihanndsnuauvuin 15 kKW (@) yaunawaduaseniindvuin 15 KW uay

(%
a o

ynmuAuTInazgnAntanelueInI s fiRin1sUsznoudae (1) gndunesinesdmiy
BESS (2) 9 Back to Back Converter dmfuiasosindalnlinainiasessudiiea (3) 4o
Back to Back Converter dwiuin3asfialnihdrassanndesuan (4) yaduiiosines
LUUMENUVAIINgLadwaseing (5) ¥ IBM Server Rack (6) 52 UUMSIANISNAsU (7) 940
AUAL PLC Siemens $u s7-300 waymssauiuveaasesindalniirlulilasnia Usznoude
@) quzwazauwé’mw,l,umma? (BESS) wu1@ 24 KWh (b) ﬁqmm‘éaqﬁ%ﬁﬂw%mﬂm‘%'awué
AlwaTUIn 15 KW (0 sqﬂLﬂ?aaﬁ%ﬁmlw%mﬂwé’muammﬁ 15 kW (d) YouNsLeas

wENENRgUUIA 15 kW
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AuANdnsIndesuuliannn1syn$e Tudiaian 12.10u. fs 12.30u. BESS ganunsania
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fd b @d po 00 @[3 (@(W)S & 4 3
[PV(W)|BESS(W)|Total(W)

80001 80001 8000

6000{ 60001 6000 Energy delivered

40001 40004 40001
20001 20004 2000

0 0q 0
-20001 -20004 -2000+
-40004 -4000 -4000+
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6.5.2 NANSNAHBUYNSIZNITAIUANDNTIAIALDE AL RTANITYITALALNT
fAgy1saduTu BESS vuIn 24 KW

MINARDUNAYNIENSAIUANNTIAIAB BT INAUNITNAITA Crpe LABNITATIUAZNNT
Paensagnadaly manismaaeuludutiazuanduzuil 611 daraunu BESS. axdngasadnns
MIWALFAVITY MHANIINAFU WU Muvasiumasliaunsovaweiiaslni1asald o
Addlifiafidesnisinnndn 800 watt/min Tugud 612 nwiiveneluniussuandliifiufe
MsmMUANT 300 watt/min dufunisindagaduasenfindutg 15 kW idslifindaann
uasefingazuansfetdulfadiden Mdslwiunneuansfoiduding uazdnsandes
Adslihazuanaiieiduddn 9nnasl BESS avaiinn1stnsauaznisiavisan + 800 W/min
wagluguil 6.13 BESS axgnafinnisvisauagiiawnsarmdsllilmieuiumniuguiieeniuuin
Wasnwegnislinuvosiunines annan1svnaesdinnissauaznisiay$aiidsind
wuin eglutnaminf seiwiuleangud 6.12 feuguiitiaueauisadnuisnsinig
wWasuwasidslwildlaiiu + 800 W/ min dieifeuifusuil 6.10 fefummuaugasswing
ogmsldauveanunmeIuarauiFsureaidaliinadsmsasinnfiansun wiuld dain
TumsUFiR sdndufeafiuvuinves BESS Tilnrmumangan iemuaunmivesssuuli
Huanasg demdslwihiindenneaduateniindiiutunazanasesumnislulilasnio
Feapilugiunuiigstuves BESS aglsfinunisiudsuutasmeaatdalatiing « 800 W/min
wasounqumsdsnuu i eSeiintutsfiaauasyinlisdslnihsisinuendnmdeu
Juufiumels maUSeudiunanimaaestessUdl 610 warguil 613 iWunsiuuasdne
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Irlfsnnndnluguin 6.13 daduuSinamasuvewunnesngnldly (Depth of discharge,
DOD) lugu# 6.10 agaanInileinguiugun 6.13 Faungainditergnisidanuiunineivessy
#1 6.10 duailalUSeuiieuiugun 6.13 Jedunn wuln Ansieauuvesindalninaggn

Juiinanndeya PV a3uiiadiendnsniasininvesnunnestuegfiurlinvesdiseulonay [63]

Y

Fal be aa pe 2 (@) ] @WE & 4 0
[PV(W)]{BESS(W)][Total(W) =

W Ramped Power (W)
r " '

12000112000 {12000 ] PV Power (W)

10000100004 10000 -
80001 80001 8000

60001 60007 6000 ‘

|
4000{ 4000{ 40001 ' r

20004 20007 2000

0 0 0 A
-20001-2000 | -2000
-40001-4000 1 -4000 - BESS Power (W)
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01 0 0
10007 -1000{ -1000{ e
12000{ -2000{ -2000
13000 -3000{ -3000 + 800 W/min BESS Power (W) Under-damped
—ﬂ) -40001 -4000 | | i | | ] ] ] ] o
— 2:10:00 12:12:00 12:14:00 12:16:00 12:18:00 12:20:00 12:22:00 12:24:00 12:26:00 12:28:00 12:30:
< ]

v
Ready 7 9:00:06 PM

JUN 6.12 nwgnedean 12.10-12.30 U. ¥eansvndeudnsianidesiulnunn1sunsa

Ramped Power (W) PV Power (W)

WALNNSAAYISY BESS WUUALIR



94

ErwwxnQEEa@WaeEd s
PV(W)[BESS(W){Total(W)
17501 17504 1750
1500{ 15009 1500
12504 12509 1250
1000 10004 1000
750 7509 750
500{ 500{ 500
2501 2350

0 0
-250{ -250
-500{ -5001 -500
=750 -7509 -750
-1000{ -10009 -1000
-1250§ -12501 -1250
-1500{ -1500{ -1500

~1750{ -17501 -1750
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szuulilrsndaasdaafiunuuidedovesssunlniiigs Sadvidvrdideauuvesssuy
Inlfnvzeglusimsgiuveenisinii n1s Coupling sewing PV wag BESS Tuszuululasninae
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aaLBesdslidi wanissiaeamsrueuiddlitiies Bess Tuedlulasninatinausty
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yosszuulniudionmsndniidslniinves PV anasininsnssnsanndssiifeanisuas BESS
Ig5uigadionisudaddsliiihves PV unnnin sesidasiamiBesvesiidslniadidiualy
F2n5iinsnsieaeulngnsvnasswesaesanIunNIsal NNSNAEDUT IERIEnILN"TE] BESS
aunsavssaidvnenisuidaliiiuas mssefdslniildauteuluinaaeu n1sin
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7.1 Ui

NnMsAnwszUUAMIMUALMAdlNTh i wessrUasaundsLanLUALAo3 luLed
lulasn3a Tnonsvaweindsliihsisiunwaduasofindiilodseangszuulassing L s
mnaliiasinane aunsalidanandesidsluinodnmeglunasiuasgulaeinngld
WMATANNSMUANTEUUAT AN TLLUALADIAISRTIa1ALBBauUUNS Coupling 58319 PV
uay BESS lusvuuiedlulasnin Fsanunsnannansznunisuniavesiasliiniiunainuvas
wanidslnilneaduasorfindnliminane osnieunagumionsiievesunasad
uaseiing Fanmaifinsasunvasldannsauilalilaenisdneidsiniingseain BESS
igsruuiitinmawasunladivluthvae Tnesinisldausudu e BESS Inverter fonns
Jeulusunsu PLC Tunisdsmdsiiienunsiaziansanunsaiinauvesssuy Ussnousie
Tusunsukansaniugnssnlsey (SO0) Wuitsuandaguas BESS luvngduinauis
yaweirgalnialauindeeiissda  wazlusunsunantanInen1sAIVANENTIAIALBEN
madbiilululpsnse Inedinnsaivauwssiulnfnseuanss sewing 4n BESS Inverter wag
BESS LloUsumnivinganveassaunsesulniilug1un19viauves ya BESS Inverter
Tuai29 568-676 V.

MTANUMANANTUENTINUTERURILUAAE3 (SOC) Liletedneignsldeu Tng
mMs¥nunszauussiuliineluradudaswadlalfgevienauduly wazAraniuzves
wunedluaiuihidesdudiimslfnudelunield Tasldisnsiulszqsan (Coulomb
counting) YedLUALABIIAEN1TANEYTEQINLUALABITITUTITY 27.6 Taadvniou qumde
usauTINUszann 568 Taad antudnuszadiluguunned aufiusadusiu 676 1aad Tae
AussiuUnivesuunineiogiugag 568-676 Taad anuan1smaseuNsevedlUsLATY
LARIANANUE NMIEAYTEUBILUALAES (SOC) WU Fnnsvieuussgauinguszasdiduly
FNUNISANUILAENTEBNKUY
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i wazvinlsigunsallaiihfiegluszezmialna o Mewldegreiuszansamiuiientu
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3
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walulpsnInauasanuaununalneg1aimels

7.2 YOLEUDLULHAZLUINIINITINAIUA

1. mslfindesilotanszualmiin (Current transducer) ansnsaianszualiitlugig
1-200 wend fnszualvifinenndn 1 uewd iwuwesaglianansansiatadls

2. mafsvananszudlwiazussulsihaniedesilotaidng PLC dosusuainals
fneglurisifielndiAssiutuasadedinglday

3. Bunedwesiitediansldiuieazsunszudlnihligegail 27 uewd uduunine3

anusadenseialiinlauingaiis 3C vise 120 woud
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4. Wosnllanunsamanisaitiananfiussuliivdesadninesdindnanisad
wasofindAsuntasluarandile

5. msoonuuukaztauilusunsunsatunsesuliilussuulass oo vaie
wssrulnsmnlapenaviuyiaed

6. WaunlUsunsumuaunsitemdaliingsan BEsS SaluiBamusduiinnle
DY1IVIUYIN

7. WaunsegengunsaluazTusunsulunisisteyaiuinietionisdeansain CAN
LAadveLUnRESlonTIvdeUNanIsABusT UL s uwadilofinnsTdu

8. myanilsitunisussidivantuy SOC, SOH, SOP ilenistlasfuuardnetgns
19auve9 BESS

9. My dlninasees BESS liiulaseelndin iesarnniswanidslnd
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Design of Active Power Controller of a BESS in AC
Microgrids
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Abstract— Active power control of a battery energy storage
system (BESS) in ac microgrids is presented in this paper. PI
controller design is also proposed. The simulation model using
PSIM 9.0 is used to validate the designed controller. Actual data
collected from data acquisition system in ac microgrids is used to
validate the designed controller including photovoltaic (PV)
generation profile, wind generation profile and demand load
profile. All actual profiles are recorded from a real microgrid
application. A BESS controller is validated into two scenarios.
First, a BESS operates with PV generation and demand load.
Second, a BESS operates with PV generation, wind generation
and demand load. The simulation results suggest that the
designed PI controller can perform active power compensation in
the ac microgrid satisfactorily.

Keywords— battery energy storage; photovoltaic; wind
turbine generator; microgrid

1. INTRODUCTION

Recently, world energy demand is tremendously increased
more specially in the electricity sector. All renewable and
alternative energy resources (RES) are necessary and required
to connect with the utility grid. In Thailand, the government
has launched the renewable and alternative energy
development plan (AEDP 2012-2021). The main focus of this
AEDP is the 25% of total used energy will come from
renewable and alternative energy resources (RES) instead of
fossil fuels by 2021. Therefore, the total RES in 2021 will be
up to 10 GW and will roughly increase to 20 GW in 2030. By
estimating, 3 GW hydro power, 2.5 GW biomass, 2 GW solar
power, and 1.5 GW wind power will provide energy to the
electrical system within 2021.  As can be seen, the
infrastructure of exist electrical power system is required to
adapt for supporting all feeding RES power.

Consequently, RES have had increasing penetration levels
for grid connected distributed generation (DG) in recent years.
Photovoltaic, micro-turbine, wind turbine and fuel cell put
forward many promising applications with high efficiency and
low emissions. Together with power electronics technologies,
these have provided an important improvement for RES and
DG applications; especially, a microgrid concept [1].
Microgrid can provide more system capacity and control
flexibility when several RESs with different electric behaviors
are integrated in the same grid. The microgrid also offers extra
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degrees to optimize RESs connected to the utility grid;
additionally, power quality requirements, system reliability and
control flexibility would be achieved by using the microgrid
concept as discussed in [1-5]. Several microgrids can
connected together with the help of new information
technology (IT) to communicate with the required data: this is
a part of microgrid technology.

Power flow control in a microgrid is a key issue to match
the RES generation with load demand with acceptable power
deviation as discussed in [1, 3]. Generally, microgrid can have
a BESS for active power compensation with energy
management system (WLEMS) as depicted in Fig. 1. Frequency
and amplitude voltage in a microgrid will be decrease when
microgrid supplies more active power to the required load. In
this case a BESS can provide active power compensation to the
microgrid; whereas, if power generation from RES is more
than the demand load, BESS can draw active power from the
microgrid as discussed by [5]. A BESS for enabling integration
of distributed solar power generation has been proposed in [5].
Ramp rate control technique has been discussed for BESS
charge and discharge paradigm. The active synchronizing
control of a microgrid has been developed in [6] to control a
power flow in the microgrid. Also, three phase grid-connected
liquid solar arrays photovoltaic inverter loop design has been
presented in [7]. Novel analytical model for design and
implementation of tree phase active power filter controller have
been introduced in [8].

Thus far, a few researches have proposed the control design
for a BESS for active power compensation. Therefore, active
power control of a battery energy storage system (BESS) in ac
microgrids will be presented in this paper. The conventional PI
controller design method is proposed using SmartCtrl. Then,
the designed model will be developed using PSIM 9.0 and
validated with the actual data from real microgrid application.
The contributions of this paper are the controller design using
SmartCtrl and the developed model for the designed controller
validation which is ready to transform for practical
applications. The paper will be organized into four sections:
first, the induction of a use of BESS in microgrid; then, the
principle of microgrid control. Next, the PI controller design
process with frequency and time response consideration is
described. After that, the simulation model and validation is
also discussed. Finally, the conclusion remarks are also
addressed.
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II.  PROPOSED MICROGRID CONTROLLER

A. Basic Principles of Microgrid

In this section, the principle of microgrid is proposed. By
using active power and reactive power theory, the flow of
active power and reactive power between two ac sources in a
transmission line with a line impedance can be explained as
shown in Fig. 2. Active power and reactive power [6] can be
found by following equations;

P:#[R(VI—V2 cos0)+ XV, sin 9], 1)
0= o Vle [-RV,sind+ X (V; =V, cos0)] . 2
+

These equations show that active power and reactive
power have directly proportional with phase angle and
difference in each system respectively. Distributed generators
(DGs) can control active power and reactive power by
changing the angular between voltage sources (difference in
phase). As a result, p—f and g—v droop can provide stability
possible in active power and reactive power on both DGs.

.
Z=R+jX
vi\ 0 / V,
A V,

Fig. 2. Distributed generators
impedance.

connected by transmission line with

B. Basic Principles of Microgrid Control

Normally, conventional power distribution control system
uses feedback control as a control system, by calculating
difference in set point and output. But, with PI control, PI
control is trying to reduce the error in the system by tuning the
error; parameters of PI control included Kp and K; are shown
in Fig. 3. The suitable parameter is adjusted according to the
natural of the plant.

P k()

+

—Setpoint e(t) Output —p-

t
I ki_[e(r)dr
0

Fig. 3. A PI controller.

A BESS controller is required only two parameters: Kp and
K. The relation of feedback control is shown in (3).

u(t) = k et + ki j’ e(t)dt 3)
0

BESS can control both active power (p) and reactive power
(q). So, input side have two variables which are p and q. The
element of designed battery control system is shown in Fig. 4.
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Fig. 4. Element of a BESS control system.

C. Battery Control System Design

Battery control system includes controller and processer:
there are many methods to control the system according to each
system’s nature. One of the methods is to use axis decoupling
method for the main controller as illustrated in Fig. 5.
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Fig. 5. Axis decoupling by feed forward control.

Because axis decoupling control have very complex
calculation; therefore, microgrid simpler control method is
needed, PI controller is used to simulate the microgrid [7] as
shown in Fig. 6.
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From Fig. 5, the relationship between 1a , 7 ¢ and I; , I;

can be rewritten using (4)-(9). Then, the highlight area in Fig.
5 can be redrawn the block diagram as depicted in Fig. 6.

S ~ S 1
la=d,V,+1,Lw 4
d=( d’G q )Ls+r )
A ~ A 1
I,=dV,-1ilw 5
0 =Yg ~lalo)—— 5)
where,

~ dv. dVile ] 2

(Ls+7)  (Ls+7)" (Ls+7)
. ] - d V.Lw

(Ls+r)” (Ls+r) (Ls+r)

2 2 3 7
~ a.v d V-Lw

(LS+I”) +(2La)) 1d= d"' G -~ 9 G 3 (8)

(Ls+7) (Ls+r) (Ls+r)
G, = dVe(Ls+r) quGLw ©)

S (Ls+r)+(Lw)  (Ls+r) +(Lw)’
Where, Tq and 1 ¢ 18 d-q current control loops, I:} and I;
is reference current, c?d and c;'q is' comparable signal between

I;, I; and 1 d, 7 ¢ > Vg is voltage output of an inverter, @ is

the frequency of an ac microgrid, R and L is resistance and
inductance of active power filter line reactors respectively [8].

D. PI Control Design
Control variables (i, i,)in this paper use output feedback

signal compare to reference signal called error. Error in a
system will feed to controller to minimize the error. The
control parameters used in PI controller can be computed by
using (10)-(13). To begin with, percent overshoot (%0S) can
be calculated in (10) with a design setting time (Ts). Then,
damping ratio ({) can be calculated in (11). Also, bandwidth

(wgy ) and phase margin (PM) can be provided by using

(12) and (13). Normally, phase margin has high value
(@ = @.), so if { is known, @y, and PM can be found by

using (12) and (13)

%osz%xloo (10)
_ 0
£ —__—In%05/100) a1
J7* +1n%(%0S /100)
_ 4\/ 2 4 2
O =77 (1=2¢2) /48 - 487 +2 (12)
PM = tan™! 26 (13)

NI E e

From the block diagram, transfer function can be written by
substituting all parameters in a BESS. SmartCtrl is used for PI
controller design in this study. SmartCtrl toolbox offers a
convenient solution to find the PI control parameters. All PI
control parameters are listed in Table I. Then, all parameters
are validated with Matlab as shown in Fig. 7 and Fig. 8. Fig. 7
shown bode diagram of the designed control system which has

58.59" of the phase margin(PM), infinite gain margin, and
312.28 rad/sec of phase crossover frequency (@,). As can be
seen in Fig. 7, all (%0S) are valided for frequency response

because the phase margins are over than phase
crossover (—=180%) .
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Fig. 7. Bode diagram of microgrid system.
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Fig. 8. Time-response of the system.



Fig. 8 shows the time response of the designed PI
controller. As can be seen, the fine time response is achieved
with 10% overshoot by 4 ms. The simulation results in Fig. 7
and Fig. 8 illustrate that the designed PI controller can be used
for controlling p and q in a BESS.

E. Proposed Microgrid Control Circuit

Proposed microgrid diagram is shown in Fig. 9. All power
converters can communicate and exchange voltage and
frequency profile via standard communication protocol. The
conventional digital meters are used to measure voltage,
current, and frequency; then, the data are sent to the microgrid
controller for monitoring and controlling. In practical, the
AMI-smart meter can be applied to collect required data which
will be the same structure as shown in Fig. 9.

) PV System - BESS
(15kw) = (2akw)

Power Grid

) <
\ H ;
r i s
Future Renewable - o
[ . - I PROFIBUS
b (12Mbps)

Energy Source (EV,
Diesel Generator Wind Turbine Generator === -=--== * Hard-wired1/0
&5 uskw) ¥ (1skw)

*
Fig. 9. Microgrid control and communication.

The proposed microgrid uses WinCC software as a
controller to manage the power flow in the microgrid including
control status, data acquisition, power flow, protection, and
user interface. This research use a PLC as a central controller
together with PROFIBUS protocol. With the proposed
microgrid control, all energy resources can parallelly operate to
supply active power to the microgrid as shown in Fig. 10. As
can be seen, 15kW PV converter, 15kW wind simulator, 15kW
diesel generator and 24kW BESS are connected to the
microgrid. The data acquisition system can collect the PV
generation profile, wind generation profile and demand load
profile as shown in Fig.11.

These generation profiles including PV and wind together
with the load profile are utilized to validate the designed
controller in the next section.

As can be seen in Fig. 12, PV generation profile on a fine
day is smooth; however, PV generation on a cloudy sky has a
power deviation. This power deviation can cause a system
frequency disturbance. It would be better if the BESS can be
able to compensate the power variation. Therefore, the BESS
controller design is developed in this paper. The actual PV
generation profile will use to validate the design controller
explained in section II. Additionally, the data acquisition
system can detect the power changing rate (watt/min) as shown
in Fig. 13. This information can be used to set the ramp rate of
the BESS power converters and checking a stability of
designed controllers.

UTILITY GRID 380V 3 PHASE

MEMS/USCADA
Central
Controller

Photovoltaic
15kW

——%§4— : 3 phase AC distribution line

----------- : Profibus Communication Link

Diesel Generator
Wind Turbine 15 KW
15 kW

Fig. 10. Diagram of energy management control system for microgrid.
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Fig. 13. Histogram of photovoltaic power generation ramp rates (Watt/Min)
[9].

III. SIMULATION VALIDATION

The simulation model is developed by using PSIM 9.0 as
shown in Fig. 14. PSIM 9.0 is a circuit based simulator and
offers similar characteristic of power converters in practical.
The microgrid diagram shown in Fig. 10 can be created the
simulation model as shown in Fig. 14. Each power converter is
a three phase converter with 380 V or 50 Hz system as depicted
in Fig. 15. The simulation parameters are listed in Table I. PV
generation and wind generation profile from the data
acquisition system are utilized for this validation. Also, the
load profile is also captured from the data acquisition system as
previously discussed. In Fig. 15, the designed PI controller of
BESS is also modelled. The BESS will provide active power
compensation in a microgrid when the power deviation occurs
due to PV generation changing or load variation. Therefore,
two scenario will be validated: BESS for PV with load and
BESS for PV and wind generation with load. The active power
required by BESS can be calculated by using (14).

ljbess = Pluad B f;ular _Pwind turbine (14)
e - ‘ &=,
a c b s ba a
@ ® ? @
L 1 R R N S5
% oL éf L L\J B ?

s00v = t 4 e -

xxxxxx

2500Hz

© PIcomponents

—p—CF Fvm N e > ame | & T

Power References Generation

TABLE L PARAMETERS FOR SIMULATION MODEL

Parameters of Battery for Simulation
Vdc_Link 600 V
Switching frequency 2.5kHz
Ko 0.0404168
Ky 3.20274m
Low-Pass Filter
Resistance 20mH
Inductance 8mQ

A. Scenario I: BESS for PV Generation with Load

The BESS will compensate a required active power if the
PV generation is less than the demand load as illustrated in Fig.
16. The active power is positive when the PV generation is less
than the load demand. On the other hand, the active power
becomes negative when the PV generation is more than load.
At this state, the BESS is operation in changing mode. As can
be seen, the proposed controller can perform the active power
compensation. In Fig. 17. 24 kWh BESS use lithium ion
battery 12 V 40 Ah per cell, BESS can charge -800 (Watt/Min)
and discharge 800 (Watt/Min) and have max continuous charge
and continuous discharge at 2C, 80A. Clearly, the converter
can not compensate the active power if the required p is more
than 800 watt/min. The BESS controller will limit both charge
and discharge current to save the battery as illustrated in Fig.
17. Therefore, the ramp rate of the BESS is a key parameter to
design the optimal rated power of the BESS.

B. Scenario II: BESS for PV and Wind Generation with Load

In this scenario, the wind generation is added to the
simulation model to validate the design controller. The
simulation result of this scenario is illustrated in Fig. 18. The
BESS is operating in charging mode from 8.00 am to 2 pm and
operation in discharging mode from 4 pm to 2 am. It should be
noted that the BESS for this simulation is 24 kWh; therefore,
the capability to charge is large enough to take all active power
from PV generation. The smaller rated power of BESS needs to
be considered for better cost effectiveness. However, a wind
generator and PV in cloudy sky can have a very fast active
power changing as shown in Fig. 19. As a result, the BESS can
compensate the active power in the rate of 800 watt/min.
Therefore, the designed controller of BESS is limited the active
power compensation as shown in Fig. 19. The results from both
scenarios suggest that the designed controller can be
implemented in the BESS.
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IV. CONCLUSIONS

The designed PI controller for BESS applying to a
microgrid has been proposed. The conventional PI controller
can be applied for a BESS to compensate the active power. The
simulation model of the microgrid has also been developed and
validated. The actual PV generation, wind generation and load
profile are used to validate the proposed controller. The
simulation study shows that the designed PI controller can
perform active power compensation satisfactorily.
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Abstract — Ramp rate consideration of a BESS using active
power control for PV generation is proposed in this paper.
Battery energy storage system (BESS) in ac microgrid is used in
this research. The design of controller is verified by PSIM 9.0
under unstable of solar energy each day. This paper presents the
output power control of PV generation by using BESS, which
help to compensate active power to fulfill output of active power
from PV generation. This paper presents optimal method to
smooth active power curve and compares with traditional moving
average method in ramp rate control. The validation result is
verified by data from ac microgrid. The design of controller
consists of profile from PV generation profile of real time
microgrid application. The simulation results show that proposed
ramp rate control could reduced BESS equipment size and also
compensate active power of PV generation in ac microgrid.

I. INTRODUCTION

Nowaday, the demand of electrical energy is increasing.
The expansion of industry make the increase in electrical
generation renewable and alternative energy resources (RES)
also required in transmitting more power. Photovoltaic (PV)
generation, small size generator, wind generation and fuel cell
is tend to be used more in the future to improve efficiency of
power generation. Power electronic technology is important in
connecting between RES with distribution system [1]. Power
flow control in microgrid is a solution with RES generation
and load demand and power deviation to make the result
acceptable as discussed in [1, 2].

In general, BESS in microgrid is used to compensate active
power and pUEMS as shown in Fig. 1. The rapid change of
frequency and voltage in microgrid is cause by power
produced from wind generation and PV generation in
microgrid. BESS is required to compensate active power in
this situation BESS could also used to absorb active power
from microgrid of make stable output power [3].

Therefore, ramp rate of active power control a BESS for
PV generation is proposed in this paper. This paper also design
BESS controller by using SmartCtrl program and develop
model to the designed controller validation. This paper divided
into four sections. First is introduction of BESS in microgrid
and basic concept of microgrid. Second is the procedure of
power control, limitation of moving average method, ramp rate
control strategy, proposed microgrid control circuit. Last is the
conclusion of this paper.

978-1-4799-8805-1/15/$31.00 ©2015 IEEE
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II. . PROPOSED MICROGRID CONTROLLER

A. Basic Principles of Microgrid

Generally, active power control is used feedback control in
the system by calculating the different between set point and
output. PI control is used to minimize error in the system by
finding output parameter. Fig. 2 shows proposed BESS and all
components.

Power Grid

v, +qv,
= T
3 vty

_2p v
3 v+

Fig. 2. Element of a BESS control system.

SmartCtrl is used to design controller based on the function
of finding suitable parameters of PI control as shown in Fig. 3.
The SmartCtrl will show the result in frequency response
automatically. K, and K;, which is used in simulation, is
automatically controlled by PSIM.
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Fig. 3. K, and K; is by using SmartCtl program.

B. Ramp Rate Control of PV Output Power

PV generation profile is used to check the design
controller. In addition, database can be used to detect the
variation of PV generation (watt/min) as shown in Fig. 4. This
data can be used to monitor the operation of power converter
in the BESS and also observes the stability of control system.

C. Limitations of Traditional Moving Average Method in
Ramp Rate Control

Traditionally, moving average method is used to gradually
change of output active power in PV inverter. BESS
equipment used in moving average method for output active
power can smooth PV output fluctuation. Moving average
method is not directly control ramp rate as described in the
next section.

It is well known that moving average has a memory effect.

Depending on the length of the averaging window, a moving
average would highly depend on the past history and therefore,
may be significantly different to the present value of the
fluctuating variables. For PV output smoothing, the integrated
BESS will have to operate to forecast for the aforementioned
difference between the actual PV output and the moving
average [5]. The power Ppy sometimes fluctuates rapidly with
the movement of clouds. It is not desirable to output this power
as it is. It is possible to compensate these fluctuations with the
BESS, and to keep the output P constant. For instance, one
solution is to use an average value of P,, and F,. which can

be write as (1).

Fyc =Py (1)
where P,, is the moving average over a time interval T
— 1
By = ? _[[7T Byydt. ()

This simple moving average is used for the modified Euler
type because of its simplicity and usefulness as described in

[6].

D. Concept of the Proposed Ramp Rate Control Strategy

Fig. 5 will show ramp rate control strategy of a BESS
supplied active power to compensate for unstable power which
comes from PV generation. The result of this method is more
stable of active power output for distribution to utility.

Histogram of PV Power Generation Ramp Rates (Watt/Min)
On Saturday, July 4th, 2015
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A separately installed and ac coupled BESS at the point of
common coupling (PCC) between the grid-tie inverters and a
380V/24kV distribution transformer as depicted in Fig. 5. The
380 V side of the transformer is the point of common coupling
(PCC) to the distribution feeder. Power flow from the PV plant
to the grid is unidirectional. Power flow at the BESS is
bidirectional and connected between the PV inverter and the
distribution transformer.

The PV power ramp rate Rrargpy(t) given in (3), is obtained
by continuous measurement of Ppy(t) in Fig. 5 The effective
ramp rate at Pgrip(t) is a function of Ppy(t) and Ppggs(t) and
defined simply as Rrargg(t), as defined in (4).

B, (1)~ Py (t-1)

At @)

RRA TEPV (t ) i

(Ppy () + Pppss (1)) — (Ppy (1 = 1) + Pprgs (1 — 1))
At

Rpareg () =
4)

Ramp limiting in all the control methods within this paper is
accomplished by determining the desired Pggip(t) value. The
calculated control variable is called Pge(t). In a real control
system, Pgrip(t)#Pgc(t) due to delays in real time
measurement, control loop, and inverter power ramp limits.
For the purposes of this paper it is assumed that these delays is
0 and inverter ramp response is infinite where Pgrip(t)=Pgc(t).
This allows the calculation of the input signal Pggss(t) (1) to
the BESS PCS as reported in [7].

Prpss (1) = B (1) = By (1) (5)
Ppy(t) - Pge(t) Ppess(t) [ ¢ Epess(t)
o — J J‘ E—

Ramp-rate

Fig. 6. Ramp rate control model [8].

E. Proposed Microgrid Control Schematic

The microgrid diagram is proposed in Fig. 7. All power
converter can communicate exchange both voltage and
frequency profile via standard communication protocol.

Generally, voltage, current and frequency can be measured by
digital meters. In addition, data will be sent to microgrid
controller for checking and controlling. Practically, the AMI-
smart meter can apply to store the necessary data which has
the same diagram as shown in Fig. 7.

UTILITY GRID 380V 3 PHASE
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Fig. 7. Microgrid control and communication.

The microgrid can be proposed by using WinCC software as
a controller in order to manage power flow in the microgrid.
Moreover, the WinCC software can manage control status,
data acquisition, power flow, protection and user interface.
This research uses PLC as control center together with
PROFIBUS protocol. The microgrid control which present all
energy resources can be parallely operated as shown in Fig. 8.
As can be seen, 15 kW PV converter, 15 kW wind simulator,
15 kW diesel generator and 24 kW BESS connect to the
microgrid. The data acquisition system can gather the PV
generation profile as shown in Fig. 9, 10 and 11. These
generation profiles consist of PV output on a cloudy day with
mild solar variability, PV output on a cloudy day with
moderate solar variability and PV output on a cloudy day with
severe solar variability and the last one will be used in
comparing ramp rate control method and checking controller
design in the next part.

As can be seen in Fig. 9, 10 and 11 PV generation on a
cloudy day with mild solar variability is smoothly done.
However, PV generation output on a cloudy day with moderate
solar variability and PV output on a cloudy day with severe
solar variability have deviation power. This deviation power
causes system disturbance. It would be better if we can use
BESS to compensate ramp rate of active power output of PV
to reduce active power effect from unstable output of PV.
Therefore, ramp rate consideration of a BESS using active
power control for PV generation will be developed in this
research and PV generation profile will be used to comparing
ramp rate control method which will be explained in the next
section.
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IMl. SIMULATION VALIDATION

The control systems were created, modeled, and simulated
through PSIM 9.0. The switching frequency is 25 kHz. Each
power converter is three phase converter with 380 V or 50 Hz
system. The design PI controller of BEES is also modelled.
The BESS will provide active power compensation in a
microgrid when the power deviation occurs due to PV
generation changing. The simulation results are shown in Fig.
12-Fig. 16 which is simulation on a cloudy day with severe
solar variability. Therefore, two scenario will be validated:
limitations of traditional moving average method in ramp rate
control and the proposed ramp rate control strategy. Normally
both methods can reduce the deviation of PV generation.
However, the validation is shown the specific benefits of the
proposed method.

A. Scenario I: Limitations of Traditional Moving Average
Method in Ramp Rate Control

In Fig. 12, the moving average is calculated by averaging
every 20 minutes. It is considerably smooth. BESS will
compensate a required active power if the ramp rate power is
more than the PV power. The active power BESS is positive
when the PV generation is less than the ramp rate power. On
the other hand, the active power BESS becomes negative when
the PV generation is more than the ramp rate power. At this
status, BESS is operation in changing mode. Fig. 13 shows
active power compensation of BESS with moving average
method. From the expanded pictures during 10:00 a.m. to 2:00
p.m., BESS will have power consumption and delivery large
amounts of energy. One can see that BESS will operate all the
time at PV generation; thereupon, the sizing battery is quite
huge which considerated in this research for optimum rated
battery.

B. Scenario II: The Proposed Ramp Rate Control Strategy

In this scenario, ramp rate control strategy is proposed in the
simulation model. The simulation result of this scenario is
illustrated in Fig. 14. The ramp rate control to +750 watt/min
for a 15 kW photovoltaic and a +800 watt/24kWh BESS. Fig.
15 shows the active power compensation of BESS with the
proposed ramp rate control strategy. As can be seen, during
10:00 a.m. to 2:00 p.m., BESS is consumed active power and
also supplied power less than a moving average method. In Fig.
15, zero values of Ppggs are highlighted using dotted circular
shapes. Examining the Pgggs profiles, it is found that the BESS
operates power compensation less than the moving average
method: this can contribute to increase the lifetime of a BESS.
However, this paper is 24 kWh BESS using lithium ion battery
with 22.6 V 4 Ah per cell. BESS can charge about -800
(Watt/Min) and discharge at 2C, 80 A. Therefore, the BESS
will limit both charge and discharge current to increasing the
lifetime of battery.
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Fig. 12. Moving average method on a cloudy day with severe solar variability.
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Fig. 16. Limitations of BESS with the proposed ramp rate control strategy.

1Iv. CONCLUSIONS

Ramp rate consideration of a BESS using active power
control for PV generation using PI control by SmartCtrl has
been proposed. PI control can work with BESS to compensate
active power. In addition, the simulation of the microgrid
system and PV generation profile have been used in validate
the represented controlling method. As a result, ramp rate
control strategy can use to compensate active power in the
system satisfactory. The proposed method can lead to increase
a battery lifetime comparing to a moving average method.
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A Battery Energy Storage System Control Technique with Ramp Rate
and C-Rate Parameter Consideration for AC Microgrid Applications

Krisada Prompinit, Surin Khomfoi

Abstract — Active power control of a battery energy storage system (BESS) in an ac microgrid to
solve an impact of increasing of renewable energy resources (RES) is presented. The variability of
active power from these renewable energy resources affects the reliability of the power grid. A
BESS is used to connect with an ac microgrid consisting of RES such solar cells to manage the
rapid change in flow of active power, so the output active power from RES is regulated within the
standard for connecting to the Thailand grid-connected code. Ramp rate effects and
characteristics of a battery used in a BESS are considered in proposed control strategy to control
the flow of active power. The micro energy management system (LEMS) for calculating the
appropriate active power slope is also developed. Therefore, the frequency deviation in the
microgrid is regulated by using a proposed both control technique and uEMS. The control of this
method ensures that the frequency stability is within the standard range of £1 Hz in a 50 Hz
system. Simulation and experimental results of the proposed method are good agreement, and the
active power of the BESS in an ac microgrid can be satisfactorily controlled. Copyright © 2018
Praise Worthy Prize S.r.l. - All rights reserved.

Keywords. Distributed Generation, Microgrid, Micro Energy Management System, Battery

Energy Storage System

Nomenclature

C — Rate The unit of charge and discharging is
equivalent to the numbers of times of
battery storage capacity

b @) The power of the BESS

od ]
B ;ﬁrﬁi (1) The optimum PV power ramp rate

ly PV (®) The PV generation power

u() The controller output ) A limited power ramp rate constant value
k, The proportional gain () Power delivered to grid from BESS and
k; The integral gain “f PVeartime t
e(?) The error
t Time or instantaneous time I.  Introduction
¢ The' variable OiNgeTatigp Recently, electric power from renewable and
P AC“V? power oTWEARESS alternative energy sources has generated much attention.
Y Reactive power of the BESS As energy demands have increased, the electricity sector
v, and v,  dand g-axis components of stator phase has had to increase energy production. In Thailand, the
voltage government has set a target to increase the use of
iy and i, d and g-axis components of stator current renewable energy, in the alternative energy development
H Inertia constant plan 2015 (AEDP 20.15) 'of 2015—2036, up to 30% pf
%R A constant value for controlling the speed final energy consumption in 2036 (equivalent to a fossil-
at the desired level fuel reduction of approximately 39,388 ktoe) from the
oy, Constant speed at no load original plan of a 25% share of renewable energy in
i i 2021. It will focus on promoting energy production from
WL Constant velocity with load renewable energy resources that are domestically
y Nominal speed of the generator available to develop the full potential of appropriate

Response The power response of the BESS
Soria Grid frequency

s Dead-band frequency

kVAgggs Power ratio of the BESS
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renewable energy technologies. In addition, the
development of renewable energy will benefit the social
and environmental dimensions in the community to
support AEDP 2015 and optimize the structure of the
existing power system.
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Therefore, renewable energy sources and alternative
energy connected to the power system has increased only
by distributed generators (DGs), such as the electricity
from wind and photovoltaic (PV) power generators and
small internal combustion generators, which are
attracting attention because of their high efficiency and
lower emissions. The introduction of power electronics
technologies combined with DGs has a strong emphasis
on the connection between renewable energy and
alternative energy systems and power transmission that
allows flexible control of the concept of microgrids [1],
The microgrid concept can be described as a power
transmission system in a small designated area,
composed of DGs of various types that provide power to
the loads. However, there may be cases where a
microgrid works in islanded mode or disconnected from
the utility grid. An islanded microgrid can change its
operating mode to connect to the power transmission
system or the main system again, using a process called
synchronization. Microgrids have been used to improve
power system reliability. This can be considered as a
green energy solution to reduce CO, emissions and
improve the efficiency of the power system and to meet
the needs of power users. Microgrids can also provide
reliable power and the flexibility of small DGs.
Microgrid planning and installation take time, and the
cost is less than a large power system generator. This
contributes to the diversification of investment in
electricity generation as well [2], [3]. Energy
management systems can be controlled via a computer
network connection to the control center as part of
microgrid control.

Microgrid power flow control and reliability are
important to the power distribution system. Power
generated from renewable energy sources such as
photovoltaic and wind power sources connected to the
distribution system will cause a large impact on the
power system. The energy management system for a
small power system, called a micro energy management
system (LEMS), enables stable power transmission by
connecting a BESS to the microgrid to compensating the
active power in the electrical system, as shown in Fig. 1.
The pEMS is a virtual brain that controls the power
generation so that the size of the voltage and frequency
are acceptable from the utility grid. The BESS can
compensate the active power in a microgrid in case of a
voltage and frequency drop [4]-[7]. When the power
generation from renewable sources is more than load
demand, the BESS can absorb the active power for the
microgrid, as discussed in [8]. The batteries and solar cell
generation are presented in [9]. Ramp rate consideration
of a BESS using active power control for PV generation
is presented in [10].

Recently, there are many researches that have
developed various ramp rate controlling methods. There
are several ways for controlling the slope to reduce the
impact of PV wvariability on power systems. The
strategies for charging and discharging control have been
developed, tested and applied to achieve the best
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performance requirements for the BESS. For example,
moving-average strategy in [11]-[14] are general models.
So far, several control techniques have been published as
in shown [11]-[20]. The pros and cons are listed in Table
I. One can see that key aspects to improve the BESS are
battery sizing, battery lifetime, and efficiency in balance
of system (BOS) [33]-[37].

Normally, a simple control paradigm is used; however,
a specific function concerning of battery lifetime and
required rating power are added in a control algorithm
such as SOC and ramp rate characteristics as explained in
[18]-[20]. Therefore, all control methods can be applied
to a feedback control system using a simple PI controller
to control BESS's power supply. Since a microgrid
requires a pPEMS to regulate power flow which is needed
a complex computation unit, pEMS requires a high-
performance computation unit. It would be better if we
could reduce a required computation time in pEMS; so, a
simple control is desired for a BESS to reduce computer
computation time in a pEMS. Nevertheless, thus far, a
few researches did not consider on a rated current of
charge and discharge of battery (C,,) in a control
algorithm of BESS. This C,,, can be used to speed up or
limit charge/discharge current of batteries. If C,,. is
added in a control algorithm, the expected outcomes
would be smaller battery sizing of BESS and extended
lifetime of batteries.

Therefore, an active power controller for a BESS with
ramp rate consideration applying in ac microgrids is
presented in this paper using the general and simple ramp
control strategy to calculate the receiving or providing
energy required from the BESS. Together with, the
proposed simulation model for checking the designed
controller, and implementation in actual experiments are
also discussed in this research work.

This paper is organized into seven sections: the first
part is an introduction of the BESS in a microgrid; then,
the second section will show basic principles of the
BESS.

Battery Energy

Storage  ppotovoltaic  Wind Turbine

o

Diesel
Generator

micro energy management
control system

Thermal/
Stream Power
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Fig. 1. Microgrid infrastructure
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TABLEI
ADVANTAGES AND DISADVANTAGES OF CONTROL STRATEGIES
Elr:t\ll-llg(llls proposed Advantages Disadvantages
1. Moving-average - Looking for -High
control strategy simplicity charge/discharge
[11]-[14] - Use of less BESS cycles of BESS
capacity - Higher losses due to

- Be able to minimize
the size of battery.

energy required from
BESS all the times

- Life cycle of BESS
is shorter

- In appropriate with
lithium-ion based
ESS

- Not considering the

Crae of BESS
2. Ramp-rate - The BESS does not - Require a much
control strategy need to operate larger BESS
[14], [18] charge/discharge at - Not considering the
all the times Cae of BESS

- Extend life cycle of
BESS

- Looking for
simplicity model in
control process

3. Ramp-rate
control model
modified with
additional state of
charge (SOC)
control [14], [18],
[20]

- The BESS does not
need to operate
charge/discharge at
all the times

- Extend life cycle of
BESS

- Consider state of
charge (SOC) of
BESS

- The lower energy
loss in the converter
of BESS

- Require a much
larger BESS

- Complicated control
- Not considering the
Chue of BESS

4. Step-rate
control strategy
[13]

- The BESS does not
need to operate
charge/discharge at
all the times

- Extend life cycle of
BESS

- Consider state of
charge (SOC) of
BESS

- The step-rate
control cycling
degradation is in any
case lower than that
of the ramp-rate

- The lower energy
loss in the converter
of BESS

- Require a much
larger BESS

- Complicated control
technique

- Not considering the
Ciac of BESS

The strategies to control the ramp rate of the PV will
be discussed in third section; next, the proposed
structural control and communication for ac microgrids
will be explained in forth section; the results of the
simulation and experimental results will be reported in
fifth and sixth section; and finally, conclusion remarks
will be discussed in seventh section.

II. Battery Energy Storage System
1I.1.  Basic Principles of BESS Control

The conventional PI control is utilized in this paper
because a less computational time is desired. Normally,
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closed-loop control is used for the control system by
calculating the difference between the set point and the
output, while the proportional-integral (PI) controller
tries to reduce the error in the system by adjusting the PI
parameters. Fig. 2 shows K, and K, the parameters that
are adjusted because of the nature of the system.

P kel

Output

@ Process

I kfe(r)dr

Fig. 2. Conventional PI control system

The BESS controller uses only the K, and K;
parameters to control the active power; this can be
written as a relationship of control in terms of the closed
loop as shown in the following:

u(t) =k, e(t) + k([)fe(r)dr (1
0

In Equation (1), K, is the proportional gain, K; is the
integral gain, e is the error, and 7 is time or instantaneous
time. The BESS can control active power (P) and
reactive power (Q). Therefore, there are two input
variables, P and O which all components of the battery
control system can be designed as shown in Fig. 3 [21].

Power Grid

y‘*

Vg + 4,
id:g P; ‘12‘/
3 Va+vy

*
Q a _2|PY—ava
3 vf, v

Fig. 3. Schematic diagram of BESS control system

According to the BESS control, the three-phase
voltage and current are sinusoidal waveforms that cannot
be used for the feedback control system. Therefore, the
well-known Park’s transformation [19] was adopted to
transform three-phase sinusoid voltage and current
waveform into two rotating axes with angular speed. The
summation of the signal amplitude is called the g-axis
and the average dc signal is called the d-axis; the
conversion is called abc-dqo transformation. After the
conversion to d-q coordinates, the feedback control
system can regulate the power generation of the BESS
system in terms of the active power (P) and reactive
power (Q) as in the following:

International Review of Electrical Engineering, Vol. 13, N. 2
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P=vyiy +v,i,

2)

€)

Q = Vdid _tiq

The relationship between voltage and current can be
written in the form of d-q coordinates [21]-[23]. The
substitution of v, v,, iy and i, is performed with the Park
transformation in Equations (2) and (3). The i; and i,
equations based on P and Q can be calculated as follows:

) 2_P-vd+Q'v 1
la == 2—2q 4)
3 vy v,
) Py, =0y, z
lq_g 2,2 ®)
| vaty,

II.2.  Ramp Rate Control Technique

There is no inertia force in generating power from
solar cells; therefore, electric power production changes
rapidly when the sun is obscured by cloud cover. In small
power systems, the electrical connection of many solar
panels can cause problems in the power transmission
system. A conventional power generator may try to keep
the balance of power as a constant value during rapid
fluctuation because unstable electric power produced by
the solar panels can cause a change in system frequency.
Therefore, a BESS can be used to connect with solar
cells to deal with rapid changes in power transmission by
ramping the rate of output power in an acceptable way in
order to connect with the utility grid. The acceptable
ramp rate of the utility grid system is measured in
kilowatts per minute (kW/min). The ramp rates vary
according to only the active power of the BESS;
alternatively, reactive power can also be delivered
independently for achieving other power system targets
such as volt/VAr control function.

Control of the ramp rate can be designed to monitor
the continuous deviations in the active power of solar
power generation to command a charging or discharging
mode of BESS. Thus, the ramp rate of the output power
between the BESS and PV is needed to consider in a
BESS controller to stay within the boundary limit of the
utility grid. This proposed ramp rate controller will
reduce damage to a rotating machine, connected to the
grid, from providing active power of the BESS which
can compensate the system and prevent the heat from
stabilizing the constant value of the active power and
system frequency [9]. Normally, the thermal generator is
a major factor in determining the ramp rate of change for
the PV and controlling the ramp rate is called smoothing.

1I.3.  Frequency Response

Controlling the ramp rate of frequency deviation is
also available from time to time in a low-voltage system.
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It is also possible that the frequency could change in the
range of 1-3 Hz in a 50-Hz or 60-Hz system, compared
with the electrical systems in the USA, which generate
power with up to 1,000 MW. A change in frequency of
only 0.1 Hz will cause several effects on the power
system. The change in frequency will affect several kinds
of connected loads and other generators. Changes in
frequency are caused by the incompatibility of the power
generation and load according to the swing equation of
Thevenin’s equation of the power support to the grid [9].
The system inertia force is defined as H by the following:

[ stored kinetic energy at synchronous speed

(6)

generator voltampere rating

H can be approximated as a frequency response. From
the definition of H, the equation can be rewritten for the
H as the following [9]:

1_
i— EJa)S _ l _APm @Oy _Ames (7)
P post 2 ﬂ s post 2P %
dt post dt

The unit of / is s. w, is the system angular velocity,
P is the

fs is the frequency of the system, and P,

amount of power that remains after the generator has
tripped. AP, is the size of the tripped generator. A large

power system will have an H of 6s or more. The value is
indicative of the energy stored in the inertia force of the
rotor in the power system. A small power system will
have a small H. The frequency will change more rapidly
when a step change occurs in power generation or load.
However, in this case, the total of H is for the total power
system, and each generator has its individual A [24].

If the frequency is greater than the desired level, the
control system will order the BESS to charge. However,
if the over-frequency reaches the set-up boundary, the
relay will be tripped and individually release the load.
Simultaneously, the generator will be tripped according
to the heat due to the non-synchronization of the power
generation. The proportional gain is used for increasing
and reducing the power generation, which supports grid
stabilization. This is called the droop response, which is
the general behavior of generator governors that are
installed with  speed-droop or the regulation
characteristic. The droop response in the governor will
have the same characteristic as the proportional
controller gain, which has a gain ratio equal to 1/R. R is a
constant value for controlling the speed at the desired
level, as seen in the following:

%R = percent frequency change

®)

percent power output change

]XIOO
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@, 18 a constant speed at no load, wg; is a constant
velocity with load, and @, is the nominal speed of the

generator [25]. This means that a 2% droop response will
result in a 100% change in power when the frequency is
changed to 2% or 1 Hz in the 50 Hz system. The BESS
uses an inverter to convert the power for the power
connection with the utility system. It can be rapidly
controlled because of the lack of inertia force in the
system. Therefore, the ramp rate in output power must be
close to the behavior found in the heat power generator.
The simplest way is to calculate a digital offset so that
the BESS output power responds in proportion to the
frequency. The response is expressed in kW and is
determined by the following:

fgriu’ - fDB

Sz

10
Y0R (10)

Response= X kVAgggs

Soria 18 the grid frequency, fpp is the dead-band

frequency, and kVAg.gs is the power ratio of the BESS

in kVA. Fig. 4 shows the BESS response of 24 kW with
droop control and a frequency limit of 2%. The separate
lines are the power levels of the BESS that is controlled
to the specified power requirements. The power response
of the BESS is proportional to the frequency of control.

51 T T T T T

(Hz)

= = -24kW ====+24kW — 0

Fig. 4. Frequency droop response curves for 2% response on a 24 kW
of the BESS

III. Proposed Ramp Rate Control Together

with C,, Consideration for Smoothing
PV Active Power

IIl.1. Proposed Ramp Rate Control Design of
Smoothing PV Active Power

The PV power generation profile as shown in Fig. 5 is
used to design the BESS size. The data of active power
variation from 15 kW PV is recorded during operation.
The tested data are the actual value derived from the
database and can also be used to determine the PV
generation deviation (W/min).
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The vertical axis shows the PV power generation ramp
rate and in the horizontal axis shows the frequency or
number of changes in PV output. As can be seen, the
active power variation can vary from 50 W/min to 12
kW/min. the selection of ramp rate parameter will result
to a battery sizing of BESS. It can be noticed that the
number of changes in the behavior of the PV power
generation can be used to determine the appropriate
BESS size. If the total power compensation range of the
PV power generation variation is selected, prior to the
design, the range is around 12 kW/min. The size of the
BESS design needs to be large and costly. On the other
hand, the range of £50 W/min. The size of the BESS
design needs to be very small and has a low investment
cost, but this range of active power deviation cannot
achieve active power smoothing target. Therefore, the
appropriate designed size of the BESS should be chosen
for with most frequent behavioral changes. As shown in
Fig. 5, we can see that the most frequent active power
variation should be in range of +800 W/min. With this
+800 W/min range, the smoothing active power would be
achieved.

The proposed of this ramp rate control will consider a
C,ue of a battery. Normally, a lithium-ion based type
battery will have a C,, about 2-3 times of nominal
current. So, the 2 times of C, (2C,4) is utilized in this
work. To protect the battery lifetime, the control
algorithm should add the C,,. characteristics, depended
on battery type into the model as shown in Fig. 8. If
active power variation £800 W/min. and 2C,,, are
selected, the rated power of battery will be 24 kW.
Therefore, 24 kW BESS is used and the providing power
can reach up to £800 W/min., As a result, the active
power supplied to the grid is relatively constant.

II1.2. Proposed Ramp Rate Control Algorithm

BESS's slope controlling algorithm to compensate for
the deviated active power of PV is presented here. This
method will smooth the active power deviation from PV.
The Pgpeg(t) is the power of BESS for receiving and

providing power to the tEMS system and can be found
in Equation (11) [26]-[28].

That is, the power of the BESS will be calculated
under such conditions as, for example, the power
PPV(M) (¢) is produced by the PV and has changed over

time at (#+1) minus with P}f?/":” “d(f) or power ramp rate
(t

at (¢), if the condition is true and the calculated result is
less than —6 according to equation (12), it can be

calculated to find PP
P V(t+l)

(¢) or power ramp rate at (z+1)
from equation (13) and if the subtraction result is greater
than 6 or between values +6 the conditions for
calculations are shown in equation (14)-(17),
respectively. The £6 is a power ramp rate that has been

limited at £300 (W/min).
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Histogram of PV Power Generation Ramp Rate (Watt / Min)
On Tuesday, August 2nd, 2016
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Fig. 5. Histogram of solar power generation ramp rates (W/min)

Because Thailand uses a frequency of 50 Hz
according to the standard, the frequency variation cannot
exceed +2%; therefore, the power variation will not over
than £300 (W/min) for PV generation in size of 15 kW.
The variation in PV power is proportional to the equation
(8) and these can be further explained in the illustration
of the ramp rate controlling strategy as depicted in Fig. 6:

P (0= By ()= Py (1) (11)
() If:
Pry,,, ()= PP () < =6 (12)
Po (6) = Py (1) +(=5) (13)
(ii) If:
ramped
PPV(M) - PPV(O >0 (14)
ramped _ pramped
Py (1) = Py () +6 (15)
(i) If:
=8 < Ppy, (=B (5) <6 (16)

ramped ramped ramped
PPV(t[j) ():PPV(t)p 0+ ( PV ()= By, 5 (t)) (17)

Fig. 7 and Fig. 8 show a proposed PV-BESS device
and a control model; the BESS is connected at the
connection point between the grid-tie inverter and the
380 V/24 kV transformer. A 380 V transformer side is
connected to the transmission line. The power from the
PV to the grid is a uni-direction flow and the power from
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the BESS is a bidirectional flow between the point of
coupling (PCC) and the distribution transformers.

-
8000 F— NN [T I e — S & 1
lmuur (I) - PV I;MHT(WJ
goo0 > P Vet il Fiaiped Pawer (W)
6000 | -<rfieee BESS Power (W)
— 5000
g 40sTFe
= 4000 'R ,’
€ so0of Prrten s o
*] X A
0 2000 FAe -t
1000 5
] AR ") ‘JBESSU] 3 | — Time
el (Minutes
-1000 X | s
0 t1 t2 t3 t4 t5 t6

380/24 KV
Transformer

Peralt)

Power Grid

Press(t)

24 kWh

Battery Energy Storage System
(BESS)

Fig. 7. Schematic of BESS interconnection to power grid

The aim of the algorithm to control the power supply
and absorption through the use of BESS is to control the
ramp rate for reducing the effect of the PV variability
from the power system. In Fig. 8, the corresponding

basic ramp rate control model is shown. PPVM) )
power provided from the PV inverter, Plf’f,(m’:)ed (¢) is the

grid connected power and Py () is a power delivery
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to the BESS, respectively. In all control methods within
this article, this is done by defining the required value
P, (1) . The controlled parameters are calculated by

Pramped (t) in

control
P V(Hl)

using practical system

Pyia ) # P;‘;Tﬁfd (#) due to the delays of the real time

measurement, control loop, and PV inverter power ramp
limits. Since there are minor impacts on mentioned delay,
the simulation in this study assumed that these delays are
zero and the ramp rate response in the inverter is infinite.
This enables control of the actual power flow of the
BESS [18], [29] as shown in Fig. 8.

k1
S
P"le) VS 7|L P}K‘:T,‘: ® 5';};"5
+ Ramp-rate +% LIl
Crae limiter
+300 W/min +800 W/min
EBESS,r&l (t)

Fig. 8. Ramp rate control model of proposed BESS based on power
ramp-limiter and C,. characteristics

IV. Proposed Structural Control and
Communication for Microgrids

The communication and control structure for a
microgrid is shown in Fig. 9. All connected inverters can
communicate for the output voltage and the frequency
profile via a standard communication protocol. Data are
sent to the microgrid controller for diagnosis and control.
Practically, an AMI-smart meter is applied as a data
collector, and the ptEMS functions as a power generating
controller and load controller as shown in Fig. 10. Both
ac and dc microgrid applications can be implemented
based on the proposed experimental set-up as developed
in [30]-[32]. The power converter can be reconfiguration
for both ac to dc and dc to ac converter for experiments.

UTILITY GRID 380V 3 PHASE

Wind Turbine Generator
B (15 kW)

i
pEMS & nSCADA P RN Ry
I >

BESS (24 kW)

M 7 El
4 T e . | ! ' il
L] aic i PR
_ i [
i ‘Future Renewable! o
T ! N H ! I
I\ _m__- 97— Energy Source ! E]" -+
o iy LBV, CHP, Fuel {| T
PV System (15 kW) N b Cellete) DA
. i !
N Vet —
: Protection Equipment ~~._ ] 1
—————— : Hard-wired /0 \-\-______Ll;g S
—————— : PROFIBUS (12 Mbps) Load

Fig. 9. Microgrid communication and proposed controller

The proposed microgrid is controlled by WinCC for
managing the power flow in the microgrid system,
including control algorithm, data collection of provided
power, protection, and communication. In this study, the
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microgrid is controlled using the center programmable
logic control (PLC) model S7-300 from Siemens with the
PROFIBUS protocol communication. The microgrid’s
active power is provided by the parallel-connected
sources, which includes a 15-kW photovoltaic system,
15-kW wind turbine simulator, 15-kW diesel generator,
and 24-kW BESS. The solar profile and demand profile
are collected by the data logger as shown in Fig. 10. The
generation profile is the PV output on a cloudy day with
severe solar variability as shown in Fig. 11. The
proposed BESS ramp rate control strategy was simulated
and validated directly by limited charging and unlimited
charging 24-kWh BESS, and by testing the limits of
charge in the BESS control system.

UTILITY GRID 380 V 3 PHASE

R L al

O (o e
W it 5
Central 2 'm AW -2Zgnass P
Controller

Diesel Generator  Wind Turbine y Photovoltaic |
15 kW 15 kW I 15 kW

emyfffffmm: 3 Phase AC Distribution Line "

------ : Profibus Communication Link

PV-BESS System

Fig. 10. Diagram of active power control system for experimental
microgrid setup
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PV Power (W)

1 I L 1 L

il il L

000 !
7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time of Day

Fig. 11. Photovoltaic profile for testing the BESS charging and
discharging mode

V. Simulation Results

This study established a BESS active power control
system to control the ramp rate of active power from PV
power generation. The proposed methods were simulated
with PSIM computer software, which simulated a cloudy
day with severe solar variability and the ramp rate
control strategy illustrated in Figs. 12-14. The non-
limiting charge and discharge in ramp rate control
strategy of the BESS, in Fig. 12, shows the active power
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control curve of the BESS. If the ramp rate in power
capacity is greater than the PV power generation, the
BESS is in the positive side, and vice versa: the BESS
power is negative when the power ramp rate is less than
the generated power from the solar cells. In this state, the
BESS changes to power compensation mode. Fig. 13
shows an enlarged view of the non-limiting changing and
discharging rate of control of the BESS between 12:10
a.m. and 12:30 a.m., and Fig. 14 shows the BESS power
compensation in the extended image from 9:00 a.m.—1:00
p-m. The BESS can obtain power and supply its active
power according to the rapid ramp rate in the PV power
generation system.

12000

=PV Power (W)
= Ramped Power (W)
= BESS Power (W)

10000 -
8000
6000
4000
2000

0

-2000

Power (W)

-4000

-6000 [ a

8:00  9:00

-8

10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time of Day

000
7:00

Fig. 12. Simulation of ramp rate control strategy on a cloudy day with
severe solar variability with unlimited BESS charging
and discharging mode
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Fig. 13. Enlarged view (12.10-12.30) of ramp rate control
simulation with unlimited BESS charging and discharging mode
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Fig. 14. Simulation of active power compensation with unlimited BESS
charging and discharging
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Figs. 15-17 show the strategy for limiting the charging
and discharging control of the BESS. The curve in Fig.
15 shows the ramp rate control to £300 W/min for a 15-
kW photovoltaic and a £800 W/min of 24-kWh BESS. In
Fig. 16 and Fig. 17, the enlarged image shows the input
and output of the BESS’s active power with a ramp rate
control strategy. The ramp rate is controlled by the BESS
as shown in Fig. 17.

The BESS is supplied and provided in an unlimited
charge and discharge condition.

12000 T T T T T T T T T
= PV Power (W)
10000 - = Ramped Power (W) |
= BESS Power (W)
8000 : ‘
2. 6000
g
S 4000
~
2000
0
22000 i . . i | N i i i
7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

Time of Day

Fig. 15. Simulation of ramp rate control strategy on a cloudy day
with severe solar variability with limited BESS charging and
discharging mode
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Fig. 16. Enlarged view (12.10-12.30) of ramp rate control
simulation with limited BESS charging and discharging method
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Fig. 17. Simulation of active power compensation with limited
BESS charging and discharging mode
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In this study, a 24-kWh BESS uses a lithium ion
battery with a nominal voltage of 27.6 V and a nominal
capacity of 40 Ah. The BESS can charge at
approximately £800 W/min and discharge at 2C, ., 80 A.
The simulation results shown in Fig. 16 suggest that the
proposed control can regulate the variation of BESS
charge and discharge power within +800 W/min
comparing to Fig. 13. In Fig. 13, the ramp rate control
did not have C,,, consideration so that the charge and
discharge power is over that than £800 W/min: this will
cause battery lifetime. That is why, the C,,,. of battery
characteristics should be added up in a BESS controller.

VI

A prototype of the BESS in an ac microgrid was built
for testing and validation. Figs. 18 show the setting of the
active power control experiment of the storage energy
from batteries in the ac microgrid. The prototype
controller was intergraded and installed in the laboratory
building as shown in Figs. 18 (1-7), and consisted of (1)
the BESS inverter, (2) diesel engine generator with back-
to-back converter, (3) simulated wind turbine power
generator with back-to-back converter, (4) separate
inverter for the solar panel energy, (5) IBM server rack,
(6) energy management system (REMS), and (7)
programmable logic  controller (PLC) and the

Experimental Results

combination of the power generator in the microgrid. The
setup also included (a) 24-kWh battery (BESS) energy
storage, (b) 15-kW diesel engine generator, (c) 15-kW
wind turbine power generator, and (d) 15-kW solar
panels.

Fig. 18. Experimental set-up of microgrid plant

The active power control of the BESS in the ac
microgrid was processed in order with the WinCC
computer software, which is a PLC program for
controlling and managing power flow in ac microgrids.
Fig. 19 shows part of the program. The control and
operation display program are designed to accommodate
user commands and display the required values by
controlling the dc voltage between the inverter and the
energy storage system to adjust the voltage level in the
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inverter’s operating range between 568 and 676 Vdc
before connecting it to the inverter to work.

@tage Status

Magnetic Coil Controller
Fig. 19. Power ramp rate control program

Thus, there are two test scenarios to monitor for
similar results according to the simulation results as
follows:

A. Situation I: Ramp rate control strategy without
charging and discharging limitation for the 24-kWh
BESS.

This validation is for studying the BESS response
when the control system orders active power to control
the ramp rate when the photovoltaic power deviates. The
curve in Fig. 20 shows the BESS’s active power response
in a full day by capturing the actual screen display. The
test results show that the BESS’s active power control
system can compensate the power ramp rate of PV
deviation in the microgrid. In Fig. 21, the enlarged image
shows the BESS response using an unlimited charging
ramp rate control strategy between 12:10 a.m. and 12:30
p.m. The BESS can charge and discharge power under
the given conditions that system frequency is still in the
standard = condition. Fig. 22 shows the power
consumption and delivery for the ramp rate control of the
PV output power to keep the system frequency in the
standard criterion.

B. Situation 2: The results of the ramp rate control
strategy with limited charge and discharge for a 24-kW
BESS.

In Section 2, testing the ramp rate control strategy
with C,,. consideration by the charging and discharging
limit was proposed. The test results in this section are
shown in Fig. 23. The BESS controller has a limited
charging and discharging current controller. Apparently,
the power converter is unable to compensate for the
active power if the needed power is more than 800
W/min.

In Fig. 24, the enlarged image shows a ramp rate
control of #300 W/min for a 15-kW photovoltaic
installation. The solar generated power is illustrated by
the green curve. Battery power is represented by the red
line, and power ramp rate is represented by the black
line.
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Fig. 20. Experimental result of ramp rate control strategy on a cloudy
day with severe solar variability with unlimited BESS charging and
discharging mode
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Fig. 21. Enlarged view (12.10-12.30) of ramp rate control experiment
with unlimited BESS charging and discharging mode
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Fig. 23. Experimental result of ramp rate control strategy on a cloudy
day with severe solar variability with limited BESS charging and
discharging mode

According to the curves, the BESS is limited for
charging and discharging at +800 W/min, and in Fig. 25
the BESS is limited to power consumption and delivery
with a controller designed to maintain the service of
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battery lifetime. The experimental results and simulation
results are good agreement with each other. As can be
seen in Fig. 24, the proposed control can keep a power
variation within +800 W/min comparing to Fig. 21. The
tradeoff between battery lifetime and active power
smoothing should be considered. It seems that, in
practice, it is necessary to increase the size of the BESS
to control the system frequency to the standard when the
power produced by the solar cell is increasing and
decreasing rapidly in the microgrid which will lead to
higher cost of a BESS; however, power variation at +800
W/min can cover most frequent active power deviation
and smoothing active power is satisfactory. Comparing
experimental results of Fig. 24 and Fig. 25, a charging
and discharging current (Delivered energy and consumed
energy) of Fig. 24 has deeper of charged and discharged
current than the one of Fig. 25. Thereupon, the cycle of
depth of discharge (DOD) of a battery in Fig. 24 will be
higher comparing to Fig. 25: this means that the battery
lifetime of Fig. 24 will be shorter comparing to Fig. 25.

It should be noted that the power deviation is recorded
from a real PV data to select a battery rated power based
on lithium-ion type.

i=any
L 41' § *a |

Under-damped

=800 W/min BESS Power (W)

120200 121400 120600 121500 123000 123300 12.24:00 122600 123800 12:304

~ ra R - Fimmm

Fig. 24. Enlarged view (12.10-12.30) of ramp rate control experiment
with limited BESS charging and discharging method

Energy consumed

1330:00  14:00:00 143000 [S:0000  15:30:00 1600

. 25. Experimental result of active power compensation with limited
BESS charging and discharging mode

VIIL.

A BESS active power controller for ac microgrids has
been used to control the ramp rate of the power produced
by a PV power source, which increased and dropped
rapidly, so that the power ramp rate output is still within
the standard criteria for power system connection.

Conclusion
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By the coupling between the PV and BESS, this
method causes the frequency deviation of the power
system to be within the standard of the utility power grid.
The coupling between PV and BESS in the microgrid
system will improve the reliability of the power system
according to the appropriate proportion that can be
estimated from the power ramp rate.

The simulation results of active power control of the
BESS in the ac microgrid have been presented.
Apparently, the developed control technique is able to
work with the BESS to compensate the active power for
the system when the PV power generation is decreased
lower than the desired power ramp rate, and the BESS
received power when the PV power generation is more
than the specified power ramp rate. The method has been
validated by two scenarios of experiments. By both tests,
BESS can achieve power consumption and delivery
according to tested conditions.

A study suggests that a ramp rate control do not have
C,4e consideration will result in over charge and
discharge power: this will cause battery lifetime.
Therefore, the C,,. of battery characteristics should be
added up in the control algorithm in practical BESS
applications.

Appendix

This section presents simulation and experimental
parameters.

TABLE A1l
PARAMETERS IN THE SIMULATION
Components Parameters
BESS nominal voltage 600 V
BESS rated capacity 40 Ah
BESS voltage response 20s
time
Switching frequency 4 kHz
Kp 0.0404168
K 3.20274x107°
Line filter resistance 1.1Q
Line filter inductance 0.84 mH
TABLE A2
PARAMETERS IN THE EXPERIMENT
Component Parameter
BESS nominal voltage 600 V
BESS rated capacity 40 Ah
Operating voltage 568-676 V
BESS voltage response time 20s
Switching frequency 4 kHz
Kp 0.0404168
K 3.20274x107
Line filter resistance 1.1Q
Line filter inductance 0.84 mH
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Battery Management System for Microgrid
Applications
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Abstract—This paper describes the operation and control
methodology for a Battery Energy Storage System (BESS)
designed to mitigate the negative impacts of lithium-ion energy
storage. The Battery Monitoring System (BMS) provides real
time status data of the battery’s parameters such as current
voltage and temperature in order to prevent energy storage
deterioration .The data will be sent through CAN-bus that allows
microcontrollers and other devices to communicate with each
other in applications without a host computer. Including, energy
provision.

Keywords—Dbattery management  system;
system; microgrid; power control; state of charge

monitoring

I. INTRODUCTION

The global demand for electricity increases proportionally
with the global population growth and the expanding global
economy. This causes each country to boost the electricity
production from fossil resources such as oil, natural gas and
coal, as well as production based on renewable energy sources
like photovoltaic (PV), wind and fuel cells.

Thailand has a policy of supporting the energy sector by
promoting renewable and alternative energy resources (RES),
especially solar energy. The solar energy generated is limited,
the production is not stable and not sufficient to meet the
demand for electricity at all times in case of large-scale solar
power plants. The rapid change of electricity produced has a
great impact on the stability of the network, such as the voltage
drop in the distribution system, causing the frequency of the
system to change [1, 2].

Thus, to prevent and solve the problem, BESS is connected
to a distributed generation (DG) with unstable solar power in
the microgrid system as shown in Fig. 1. The BESS plays an
important role in increasing the efficiency and reliability of
electrical systems, including buildings, solar farms and smart
grid buildings. However, these methods require the verification
and display of the state of charge (SOC) of BESS [3]. Also,
battery energy storage balances fluctuations enabling
integration of distributed solar power generation [ 4]. A new
approach for ramp-rate control of solar PV using energy
storage to mitigate output fluctuations caused by cloud passing
has been proposed in [5].

This paper presents BESS's real-time SOC monitoring and
display system, as well as BESS control while connected to the
network. The BESS parameters can be expressed in terms of
current, SOC, total voltage and the temperature in the BESS in
various conditions to analyze the state of BESS. It can detect
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deterioration within individual cells as well as compensate for
network voltage changes and notifies the user. It also reduces
the damage to the connected BESS, reduce the damage to the
backup power system and the distribution network system.

Rewewable Emanzy Application Labocatocy's
Real-Time Power Flows

) Active Power

)7 Reactive Power

U4 "
Photovoltaic

Simulated Wind Energy Storage
Electric Appliances System Generator  Diesel Generator  Energy Storage  System : Inverter
& Load (U15kW) (15kW) @5kw)  Sysem:Charger  (4kW)

Fig. 1. A microgrid infrastructure.

II.  THEORY AND APPLICATIONS OF BESS

A. Current Based SOC Estimation

In this section, the method for estimating the amount of
residual energy in BESS is presented. This can be estimated
from the SOC of BESS. SOC is the amount of capacity or
energy remaining in BESS O() which is expressed in
percentages per nominal capacity (C,), which can be found
using the following equations:

soc=CQx100 (1

n
where,

o =[""i,, (t)dt @

When BESS is full, the SOC will have a capacity equal to
100%, and when the BESS loses SOC it is equal to 0%.
Therefore, the SOC of BESS is very important during charging
and discharging condition of BESS. It can be calculated from
the total area of the graph between current and time. This can
be expressed as.

1,+At |
SOC(t) = SOC,,, — I hhar®) g, 3)

t, C

n



Where SOC(?) is real time state of charge (%), SOCiy is
initial state of charge (%), C, is the nominal capacity of battery
(Ah), ipax(t) is real time charge/discharge current (A),
discharging depth will depend on time range Az [6, 7].

Since coulomb counting can be calculated by calculating
the total area of the current versus time curve. The program is
designed to evaluate the graph area every 0.1 seconds, it is set
at 20-80% from the actual capacity at 0-100% as shown in Fig.
2.

1= =

Sampling time At=0.1s

t,+At
0= iy o

Current (A)

Time (ms)

Fig. 2. Coulomb counting.

B. Power Ramp Rate

Generally, solar cell power varies with solar radiation and
other factors that directly affect with the solar radiation, such as
cloud movement. These periodic changes will affect the
voltage and frequency fluctuations on the electrical system.

The impact of these factors will reduce the output power of
solar cells in a few seconds. The change of energy at a certain
time can be called Ramp rate. If the power is changed by
increasing the value, it will be called Ramp-up. If it changes by
decreasing, it will be called Ramp-down, with the difference in
power in seconds per second and unit can be identified as
MW/s as shown in equation 4.

 P(t+An) - P(t)
- At

PRR 4

Where PRR is the power demand rate (MW/s), P(t+ At)
is the required power at t+Atr (MW), P(¢) is the desired
power at t (MW), At is desired time period (s) [8].

C. Voltage Regulation

In the power distribution system, there is a standard voltage
for transmitting with the electrical equipment. The voltage
level must be within the acceptable standard range. In general,
the supply of electricity from the power producer has to
generate the excess voltage in order to maintain the voltage
level to the end user and the power generation from solar cells
is often the result of voltage problems in power system.

Due to the fluctuation of electricity from solar panels, the
voltage must be controlled to make sure that the power system
is stable, the "voltage regulation" means during load changing
or constant load, the voltage should not exceed the value
beyond the set point. It is a percentage of the rated voltage and
can be calculated from the following equation.

Vn/ - Vﬂ
%VR =——x100 (5)
nl
Where %VR is the percent voltage regulation, V, is the
no-load voltage, ¥, is the full-load voltage [9].

D. Peak Shaving

BESS is applied during the peak demand period, BESS will
discharge the current to reduce the peak demand level and to
charge the BESS power again during periods of low power
demand at off peak period.

Charging/ Idle

discharging Idle

Power

Prmy

(Hr:Min)

Fig. 3. Electrical power between load curve and BESS [10].

III. EXPERIMENTAL DESIGN

A. The experimental result of BESS response during connected
to grid system

The experiment setup was tested while connected to the
24 kWh BESS with a nominal voltage of 27.6 V and a nominal
capacity of 40 Ah which is combined with the PLC, bridge
rectifier, current transducer, voltage transducer, 12 volts dc
power supply, resistors, breaker, relays, fuses and exhausting
fans. The connection of the wires from the BESS cabinet to the
back to back converter is shown in Fig. 4 for charging and
discharging in the next order.
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Fig. 4. Connection between prototype and BESS.

B. Display Screen for Data Analysis

The display analysis presents the lithium ion battery
response to changes in SOC, current, power, energy and
internal temperature of the BESS when charging or discharging
is achieved by using the Programmable Logic Control (PLC)
model S7-1200 from Siemens for main analysis  and
processing.

Mainly, the REAL Battery Management System program
has been designed to detect BESS parameters and control
security system in the energy storage system which is
connected to the back to back converter and can be controlled
from display monitor as shown in Fig. 5.

Control Screen

PV & BESS

FITTTTEIIIL)

"m‘m

DC Voltage Status |-

é‘

BESS & Load
Consumption

i

==

Fig. 5. Controller screen and display screen of voltage in grid system.

The network voltage conditioning monitoring program is
designed to accommodate user commands and display the
required values. The DC voltage between the back to back
converter and BESS is controlled at the matching value for
preventing damage to the back-to-back converter internal
capacitor.

IV. EXPERIMENTAL RESULT AND ANALYSIS

A. BESS Test for State of Charge (SOC)

Experimental result of discharging of BESS to grid system
by a back to back converter in order to find coulomb referred
(Qref) to BESS. SOC setting in WinCC program display in
SCADA. Standard voltage of BESS is set to be 568-676 V at
SOC 0-100%.

BESS Status Control Switch

SOC Status
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Fig. 6. Screen display charging situation.

B. Voltage effect of grid system during discharging current
from BESS

The response of the network voltage is tested and
monitored when the actual power supply is a constant 15 kW
over a period. The graph in Fig. 7 shows the total energy
response in the laboratory building. From the experimental
results it can be observed that the total power of the system
(black line) is negative. There is more electricity produced
when discharging energy from the BESS (red line). The grid
voltage increased 0.3275% from the pre-trial average value
and tested to increase and maintain the network voltage for the
least 90 seconds. From the experiment, the network voltage
increased 0.2505% from the pre-trial average value.

I3 @ L
1

5000 -

394 - Increased Voltage 0.3275% |
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5000 - 390 -

10000 - 388 * Vona
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Fig. 7. First experiment of voltage compensation to grid system.
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C. Experiment of BESS to compensate real power of solar cell

Power supply from BESS compensates for the
instantenous change in photovoltaic power. The graph shows
the change in power at each time interval. The power of the
solar cell, power from BESS and the compensated total power
are represented by the green, red and blue curves respectively.
Apparently, it can be seen that solar cells have a constantly
changing power generation. Therefore, it is necessary to have
a BESS to compensate and balance the voltage and frequency
as the power generation of the solar cells decreases.
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Fig. 9. Power compensation to grid system.
e . S22 PV Power (W) |
BEFORE & Ay rﬂ\ H\f\ﬁ.( Y WW ~\\*\ |
a0 gy Pmped £ S|

Active Power Compensation (W)

L i S

= mmw 000 waom oo ;e 0000 wom oo isonm  woo|

Fig. 10. This graph show apparent power during compensation.

V. CONCLUSIONS

This proposed paper presents the voltage compensation in
the transmission line from the utility grid that affects the
electrical equipment far from the power source. The voltage
reduces according to the length of the transmission line,
however, the use of the electrical equipment between the front
and end terminal will affect the overall efficiency of the end
user as well and the power compensation for the solar panels
when the clouds or shadows cover solar panels, the resulting
power changes rapidly. The varying changing affects the
voltage and frequency in the utility grid. The problem can be
solved by applying BESS to compensate for the instantaneous
change in power. The SOC will be indicated by the BESS
during the power compensation
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Abstract—This paper presents the active power control of a
BESS to reduce the PV power fluctuation problem by using the
ramp rate control technique, including the C-rate parameter for
the AC microgrid system applications, by simulating and
designing the battery management system (BMS). The suitable
power of BESS power rating can be estimated from the power
ramp rate (PRR) of the PV power generation system. Based on
the simulated results, it is found that high electrical discharge
caused the temperature inside the battery to rise higher than that
of low-voltage discharge, and with the simulation results from
Real Battery Management System Program, the software can
control the charging and discharging of BESS's active power and
display real-time results via the display screen.

Keywords—battery management system, microgrid system,
power ramp rate, battery energy storage system, state of charge

I. INTRODUCTION

Currently, demand for electricity is likely to increase, so
renewable energy is used to help generate electricity. The
renewable energy is not able to continually and constantly
produce the electricity power. Therefore, the energy storage
systems (ESS) has played an important role for renewable
energy in the electrical. Instead of helping and store the energy
from renewable energy. It also helps to increase the reliability
in the electrical system [1]. In places where there are major
electrical burdens, such as hospitals, airports, industrial plants,
in processes that require continued use of electricity.

Energy storage systems contribute to the increasing of the
reliability of the power system, providing continuous power
supply and reducing the damage to the economy and property
caused by the discontinuity of the power supply. There are
several forms of reserve energy storage. But the most popular
is the battery energy storage system (BESS), which can be used
to provide the electrical power immediately [2], [5]. In order to
make BESS's work more efficient, it is necessary to have a
system to monitor and display the current state of BESS, as
well as BESS's active power control technique for applying to
microgrids. These methods require testing and monitoring state
of charge (SOC) of a BESS as described in [3]. Also, storage
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requirements for PV power ramp-rate control in [4] and battery
energy storage to enable integration of distributed solar power
generation has been presented in [5].

There are many control methods to reduce the fluctuation
of renewable energy and the supply of stable power from
renewable energy. However, one of the interesting control
methods is the ramp rate control strategy due to its simplicity.
The BESS does always not charge and discharge which can
extend the life of the BESS. In addition, it also considers the
state of charge (SOC) of the battery [6]. With this method, the
C-rate limitation of the battery in the model is not added. C-
rate is the current or maximum power that the battery will
charge and discharge. Therefore, the effect of temperature
during charge and discharge is taken into account that the
battery should not be charged and discharge at a higher rate
than the specification of the manufacturer, which will shorten
the service life.

This article presents a model study in thermodynamics of
the batter and the active power control simulation of the BESS
for reducing the PV power fluctuation and smoothing the
power in microgrid system. This design system can detect and
monitor the state of charge (SOC) of the BESS at each single
time of use, including the change in power and temperature of
the battery cell as well. In addition, the system can also check
the depleted cells of the battery. This will alert the moderator to
take immediate action and reduce the damage to other
batteries.

II. THEORY AND CONTROL TECHNIQUE OF A BESS

A. The relationship between temperature and battery life

Temperature is the main factor that affects the battery's life
because temperature is a factor that affects the chemical
reaction as shown in Fig. 1. If the battery is used at high
temperatures, the battery will be deteriorated faster or have a
shorter life from the company specified.

Factors that directly affect battery temperature is the
internal resistance of the battery. If the internal resistance is



high, it will cause the battery to heat up while charging and
discharging according to the loss of internal resistance from the
electric current.
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Fig. 1 Comparison between battery life and operating temperature [3].

B. Active Power Control Technique of a BESS

This section presents the general techniques of BESS
control to compensate for the deviated electrical power of solar
cells. The equation for calculating the power ramp rate of
BESS for receiving and supplying power will be calculated
from equation (1).

P (=B ()~ Py (t) (1)

BESS

When PBESS (t) is appropriate BESS power rate, Pple (l )

is power ramp rate at smooth of solar cell (kW), Py, (f) is

power rate from solar inverter (kW). Since the frequency of 50
Hz is used in Thailand, the frequency change cannot exceed
than + 2%. The droop response 2% will result in a 100%
change in power when the frequency is changed to 2% or 1 Hz.
The output power of PV is proportional to the equation (2).
Normally, the battery has a charge and discharge rate called the
C-rate. The lithium-ion battery used for the research is about
twice the capacity of about 2-3 times the rated current. For
example, a 40 Ah battery dis-charges rate at 1 C-rate means
current will be discharged with 40 A and can be used for 1
hour. On the other hand, the 2 C-rate discharge current with 80
A means the battery can be used for 30 minutes, etc. The 2 C-
rates will be used with a BESS of 24 kW and a power of + 800
W/min to protect the temperature from charging and discharge
and to prevent battery deterioration [5]. The details in the
sections are shown in Fig. 2.

%R = Percem‘frequency change ®
percent power output change

PI’V (t) ~

_ -

+ Ramp-rate

= C-rate limiter
+ 800 W/min

+ 2%/min E

BESS, ref (t)

Fig. 2 Active power control model of a BESS and C-rate characteristics.

III. STUDY OF WORK PROCESS IN BESS

A. Thermodynamics Model of Battery

When tested with static electricity and constant voltage
(Constant Current - Constant Voltage Charging) at 40 A and 80
A then analyzes the temperature increase within the battery.
The actual test data is analyzed with the model battery
thermodynamics. The MATLAB simulation model is shown in
Fig. 3. The model consists of Signal Builder, which generates
the signal of the power source. The room temperature is set
during the test and the voltage sensor is used to convert the
measured voltage into an electrical signal to display.
Configuration solver determine the method of estimation. Sort
Cell Measurements is used for transferring 3 parameters such
as cell voltage, battery internal temperature and SOC to display
at the Cell Scope. Then, the Battery Scope displays the voltage
at the battery terminal and current.

80
v
80 s
soc
240 80 8 .
— 8

- Battery Current
>[Ps.s]
Battery Voltage

Signal Buider

Battery of 80 Cells

EL@ { fw=o]
e I =

Fig. 3 Thermodynamic circuit of lithium-ion battery.

B. A BESS Simulation to Compensate for Active Power of PV
with PLCSIM Software

In this paper, the ramp rate control technique to control the
active power flow of BESS will be tested. SIMATIC STEP 7.
PLCSIM V13 of SIEMENS is used as a main tool for analysis
and processing for reducing the fluctuation and smoothing the
PV output power in micro-grid system. PV output power
profile is the actual value obtained from the database and used
in the simulation to simulate the active power control of a
BESS, which has the structure as shown in Fig. 4.
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Fig. 4 Communication link between BESS and simulator.

IV. RESULTS AND DISCUSSIONS

A. Temperature Prediction When discharging with constant
currents of 40 A and 80 A

The initial temperature during the test is 31 °C. When the
battery is charged to a voltage of 29.5 V or at an 80% SOC
value, the temperature rises to 32.5 °C. Comparison of battery
temperature in the model. Fig. 5 illustrates the trend with a 2%
error and a charging time of 2 C-rate or 80 A for approximately
40 minutes. The initial temperature during testing charging is
32 °C. When the battery is charged to a voltage of 30 volts or
SOC 80%, temperature rises to 36 °C. The battery temperature
is compared with the simulation model and found that the trend
is in Fig. 6 with 4% error.
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N

32.00
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Experimental Line

31.00
30.50
30.00 R WV Sy | =
0.00 10.00 20.00 30.00 40.00 50.00 60.00 Tupe
—— Simulation =~ Experimental (win)
Fig. 5 Temperature during the discharge at 1 C-rate or 40 A.
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Fig. 6 Temperature during the discharge at 2 C-rate or 80 A.

B. Simmulation of BESS to compensate active power of solar
cell

This section discusses the performance of the Real Battery
Management System program using the ramp rate control
technique described earlier. The simulations can be shown as
Fig. 7 to Fig. 10. It is found that the algorithm for power
management and control used for this simulation can control
the active power of BESS to compensate for PV power
fluctuation and can display real-time performance. Fig. 7
shows the fluctuation of the solar panels output power during
between 3.00 p.m. and 3.42 p.m., and Fig. 8 illustrated the
enlarge picture from 3:18 p.m.—3:25 p.m. The BESS can be
able to receive and supply the active power by rapid change
ratio of the solar cell generation that can be calculated by using
the equation 1. Consequently, the equation 2 is the ramp rate
control at 2% for 15 kW solar panel size. The BESS charging
and discharging will be limited at £800 W/min. In order to
extend the life of the BESS, the C-rate limiting function is
added. Fig. 9 and Fig. 10 show the average power from BESS
charging and discharge for 1 minute and comparison chart
between before and after compensation of the active power of
the solar cell into the electricity network system, respectively.
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Fig. 7 Power compensation to microgrid system.
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Fig. 8 Active power compensation of BESS to the microgrid system.
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V. CONCLUSION

This research presents a study of the electrical model of
lithium-ion battery and the temperature characteristics of
constant current charging. According to the discharge testing
with constant current and constant voltage, it was found that,
the discharge at high current causes the temperature inside the
battery to rise higher than the discharge at low current. This is
because high current causes a loss of power and results in

lower battery power. However, the comparison of temperature
changes with simulation results in the MATLAB program
shows that the model can show the trend of temperature
increase in the battery as well. In addition, the model study was
used to design BESS's power ramp rate limiter for increased
lifespan. Apparently, the simulation results with SIMATIC
STEP 7 program PLCSIM V13 from SIEMENS can control
and commission the BESS operation to charge and discharge
active power to reduce the fluctuation of the power of the solar
cell as well.
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