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Thanadech Priroon 2013: Analysis of Frequency Regulation in Microgrid System
Considering Power Ramp Rate of Renewable Energy. Master of Engineering (Electrical
Engineering), Major Field: Electrical Engineering, Department of Electrical Engineering.
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At present, the renewable energy resources have been increasingly brought into the
generation of the electrical power system. Generally, the power generated from these resources
mostly changes rapidly. The fluctuation of the electrical power from them may affect the quality
and reliability of the electrical power system. In order to guarantee the quality and reliability of
the power system, the proportion of electrical power generated by renewable energy resources
into the power grid must be controlled appropriately. The suitable ratio of the renewable power
generation can be evaluated from the Power Ramp Rate (PRR). The value of PRR that initiates
the power system to become unstable is called the critical CPRR. In this paper, PRR is brought
into consideration to design the minimal required energy for the battery system to stabilize the
frequency deviation in microgrid system. The simulation results demonstrate that PPR is very
useful index in determining the suitable size of power and energy of batter system so as to control

the frequency of the system within the standard limit.
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8. STUVALANNAINHUVVUVAINDS (Battery Energy Storage System)
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{ Jd % { ] v o
nuanesNeIgUnsaieganilen lnnunasau uaziinn s lalugves Wi
4 % v M (YA do  a A s&  a
uuamestulszneuniegnyal IWiluall i wadnantinuiowadiFonas 11NNV
9 d‘ ] <3 1 1 [ dy d' a [ ] 9 d‘
Alduuamosniiteenily 2 nguluaq asl unamesviiasanszue lWluilduazuunnes

a [} ] ] ﬁJd[ a 9 1 1 g’/ a
“I)"L!ﬂﬂﬂﬂ‘i$Llﬁllwﬁlﬁuuluulﬂ°ﬁﬂu&u1%@ﬂﬁL!W‘i“Viﬁﬁ]“l/l\iﬁ’é)x‘l‘]fllﬂ

nuaaet 13 naizendned1ei wadlgugileldasuden ieanin nfhillg
RannmanfGeunasesmail Wemsiafin/Gountasiua s nuannuumaes
wuamesmamngdmulFlugdnsalnadnuazansamaendie Idazain 1 ides
wielufivng Inannndsa llfhnszuaady lumeasstudmnunaes siasanszualy
11854 Sentuwadnadgieunsosanszua vl ldudnn e iosnanandild

1 Y v
Wwuamessiatiausaiildndu ldegluanimauldTasnmsoanszudalahdr T Inaiae

sAq 9o L a ' s A A2 ¢
Qﬂﬂ5ﬂ!ﬂsl{’]ff]ﬂhlV\luliﬂﬂ'ﬁ’]"]f’lil%’f]iﬂif]i“]f’ﬁﬁ]@i

A a ~ Y] < . 2 & o
l,ummainﬂmumgmzﬂzmﬂmmgﬂu cycle life C]NLﬂui]Tu’JuﬁE]UGm@ﬂﬂ1i
o A 9 dy A o J o a A X
NMNIUUBDILUALND T uazizﬂzﬂ15Slﬂmuui]mjmmummmqm llﬂ@]TJJ“]fHWUENLL’]JGILG]’E]iG]N

Y Y
Yuognuilvteas liil
=<
8.1.1 aAnwmanveInsmelizy

. < s 3 J
AMWANUBINIAYY52Y (Depth of discharge) 1unlofiduavosnugues
T IO I dug o 4 d dds  _asx o = 4
nuaaesn vz lgneuNvzeiv nuaaes laed1uauiuuames Nl N3AINY T2AUANVANT
A Aq YR ] Y Y
anaIveIN13Mesey (30% YoINNUYUBIUAMBIN1FAI 50%) dzadelnszezmsleau
ERT ' ¥ A o v ¥ ¥
WINVUDINEINUADTSBZMNT IFNUNMIMUIVLAD AUAIBTZEZIIAINT 1FY, HAVDINT
0w Y& ) v =
aoilszylumasliihmimueszgnamelssgaunuasignisldaunms sumuamesgnaig
1 9 ) Yo 4 [} g1 A = g’/ o dy
Uszqruauauds T 1dsumsmnivedauysaineuiszgnatsilszgeenundnnsa nsnseiil

a 1a ] Y = Yo @ g3 A Y] a
i]gllNallllﬂbluigﬂ%ﬂ15GlG]NTH‘VN‘ﬁiJ@]LLUﬂLﬂﬁliﬂﬂﬁllﬂiiJﬂWﬁﬂﬂiﬂ DYIUAUN ITLYINDININUNIT



35

mollszgundiu wu melszquuamesasly 60% udrnialilnau Ui 90% uda aeedn
Y o Ay 14 o o A Aa ' a oa K Y J Y =
asuilumsnszini luaun dwmsunuames NanMsua o9 70% udnse Inan Ty

Y v 3’;
100% ta21anednnT

8.1.2 gaungiilumsniinu

Y
uraN lUMIINNUTNANTNUADTZoL NI IFNUUDNIINUTIT HANTENL

Q Y

a [

ApANYURILUAABININAge uuzih ldlFguuginmsiauuewuanesIn 20 925

Y

v
A A

= a = Y dg! 1 Y A
RN RIS 1S mﬂﬂﬁ%lqamgmzfuwaiwmmwmmu UATZEZIAINT IFIUIZTAAAN 11D

1

A v L & o A = yi1_ A ¥
QUUYUINNVYUI0 °C i]zaﬂ’mqmi"lﬂmmmwmmqmmammmm mﬁﬂ“lmmmsumzcl%

a o

nu gurgiigeazih ldszeznamshauvenames anas evaz Isnuguugiisazih

G

v v Y
Tiszeznamsihauvesuanesiuiy (Quugivaz 190w guugiinana1eny 70 °F 9z

A

o Y A A A 9 1
‘VI'IGI,WNﬁﬂiZ‘V]U'E]‘L!G] qmwgum@wﬁ@ﬂamﬂmm 5314'3']\‘1ﬂ§'$1|’lm 50 °F e 90 °F )

)

8.1.3 LLUAADINZNINIA (Battery lead acid)
~ a dal Y o 9 Y] (] 1 d’ =1 1
LUALBDIVUAN ﬂ1]ﬂ'liu'li]'lﬁl“B\ﬂLlﬂuf]ﬂ'l\‘llﬁl‘ﬁﬁa'lﬂ HBNIINUIINIYNNIN
d‘d’ ] a a d‘ = a A 9
UUAABIBDUS U UNLIDA-LAALNEY NﬂﬁgﬁﬂﬁﬂWWIﬂﬂﬁﬁmﬂ'ﬁgNWﬂ! 70 % ABNNIINIITALA
o Yy A oA A ° = a Y =2 3 Y= A ) A a 2o
INHIUBIUAITUUUTD OO mmmmmﬂmma%mm %\‘]UlﬂiJﬂ']'ilﬁElﬂﬁl“b'!,l,‘]_]ﬁm@ﬁ“]fufﬂUﬂu

] 1 ~ @ o ° 9 I @ dy
EJEJNLL‘W’;“Hmmm@lmaimmﬂiﬂﬂluﬁ%i}‘uu maﬂiﬂmuuﬂklmﬂu 2 ﬂizm‘nmu
8.1.3.1 uuaweinznIngauuUitlen (Flooded Lead-acid Battery)

A o ~ I A @ A A a
uuamesaznInsauuuAleniutuamesaznInasiiaNasazaIed
< I ! 9 a o 4 o q Yy a I
anlas ladmuuwusiguazvazilszy liihaziRamaasseonnnuumaes i lddeuanii
& A o = A Y A A a o A a A
NAUMNIZEZIAUANBIAZNINTALD VI anTTeAIFY 51190 IiBINBUADLDANEI BHADY
~ [ [ ~ o ~ I Y o Y A A 3 1 Y
NszaUnanUAgINY IMsianuuuuaminianuingedeuazdisnsnisnivoya
sasimsmolszgluduesd awnsoldnszualumsmelszy1dge Taena lduuameiazna
- o 9 ¥ = s s A o o
nsanupEonliszaunnaussan i ldaui 6 waz 12 v Tasiwad 1 wadzliszauusiau

Tflundedszana 2 v urusiquanvesnuamesaznnsauuuitlonagldaznilaoon loa



36

v v 9 v
(PbOy) uazuwuﬁmamﬂ%’mm (Pb) ?fquwum@mamﬂizﬂau"lﬂﬁ”;ﬂﬂimzﬂa oy

JaaMnalnsen(Active Material) 3zgnuegluaisazarsnsagailisnas uaaalunaini 16

AA v

L jaaa A = A
G]N“l];]ﬂiﬂ%ﬂh‘l/ﬁlﬂmﬁﬂiﬂiﬂﬁHJﬁﬂLLﬁﬂ\ﬂﬂElﬁ'iJﬂ'li‘V] 21 9FUNITN 23

E
%

acg — i —
ddnIninay  Pb+ HSO,  « dschagecharge
F

PbSO, + H™ +2e 1)
181anTnsauIn  PbO, +HSO, +3H " 4 2¢~ discharge-charge

ﬂﬁﬁ‘?mmu Pb+Pb02—|—2HZSO4 discharge—charge

PbSO, +2H,0 (22)
2PbSO, +2H,0 (23)

E [ . A I Hard |Ead grld
£ 4 -

Paraus PbO2
active mass

Porous separator
Porous lead sponge

Electrolyte (dilute
sulphuric acid

a 1 = < =
NNN 16 ﬁjuﬂizﬂ’l’)‘]JSU'E)QLlﬂﬁlﬁﬂjﬂzﬂjﬂﬁﬂuﬂﬂlﬂﬂﬂ

8.1.3.2 LLU@L@@%%%ﬁDﬂiﬂLLUULLﬁ}Q (Sealed Lead-acid Battery)

o a dqud & 2 QYo 2y o
Q13| ﬂ ‘l/liﬂflﬂ‘hlﬂl’;ﬁ‘ﬂ D NI U@ﬂﬁ\iﬂwﬁ Gl,”]f dNSANDUUINING

vaeuazas muns o aldiludensdudy 1 liunsesdaldldFans daruvuini

v o ] < o aqvd & v a Aq P
A9IN13 uazm"lﬂﬁﬂwuugﬂgﬂuﬂizuaﬂmﬂzﬁimﬂumau Jagavnlylumsiszaeun

<3| 1 2 "o
Wudeuniulme yusgiumsidenld

- 91912A0Y (Asphalt) Mnrndeesnumssivesnszua ih

Y| = A Y| Y Y A v F) o A o
- 1i)9ena vise uilely weuuaINan YL ARIIN1Y VI']'WL!'] L‘]J‘Ll MY ﬂ

Y 2 a ' K% @
IfAouinuINAaivegnuNszUONdINgd



37

=) ' = ¥ 9 9 A
-NITAY 3J°Viﬁ18ﬂ§$£ﬂ‘ﬂ LB U ﬂi%ﬂ'l‘HLﬂﬁ@“UUWEJ'IGI,%LWIHLL‘]JQ (P13

9 Y IS
ﬂigﬂﬁem%‘lﬂi%ﬂ?yﬂuﬂﬂﬁBﬂﬂullagﬂﬂﬂigﬂﬂﬂleﬂWﬂ
4 9 9 1
LFAALUULNN llmm

'3 o a . . 3 s A Y
- AU UUVANINST-0101/ (Zinc  Air  Cell) Lﬂul“ﬁﬁaﬂﬁ$ﬂuﬂﬂ§1ﬁ

Y Ay =] ) a a s a o Ja
’E]1ﬂ1ﬁﬁ1u13ﬂl"lﬂﬂﬂ1ua1\‘lﬁﬁ\1%$Gl“lf’f)f]ﬂ‘ﬂflﬁ]uclltlﬂTif]@ﬂ“]ﬂ;ﬂ‘ﬁfﬂ\iﬁ\‘lﬂ%ﬁNﬁN@ﬁﬂWﬂﬁu@mﬂWﬁﬂ

) Y
lanaadludiay

¢ aa — < ok Y 3 adA ,
- gaaluyuatsey (Lithium Cell) Wusaagalvauiluasey aiu
v

Tvniunemiia lason lsanaunusames laoon ladnie s letianas 158 1F91uny

139AUgININNA
8.2 MIALAUNANUUVVUVAIADT

. [ A A T @ U o Y
Hill (2011) MIALauNaInUuuuLUamesyouaonuaisadIasna 1ozl seneudie

A A 1 1 % ad a d o @ o Y A A A
FAULAADI NIN1TADIINAY (Battery Bank) yavrannsoundmasiimiinionToaie

[ ] o w 9 d' [ @ [ Ja S A
daruias Iihonuuamesgszuu Tasutasiuusunanszua o3 NAILTNNBS 13 0
=) Iaq VY o a a 9 Y A [ v A 1 ~
sdnlstlesnuanuralnanazrdontdasIiluiesnszauussaungniteoenninuuames
TdFszuvuaansSoszuus viie 52U 1uy laosunTUAAEIVDIT LU LTS AUNSIN ULV

v 1 v T ] Y

HUaRe30813918 Auaadlunimn 17 mantasdumad Iihds Taena ldaginamas Iniia

A a Lg o w 9 = A a é‘ g = A o
AINNAVY (Real Power ) wagmad Iiaiiounnaay ( Reactive Power ) H4@10150NLTL

A Yo a A A £y
Wi@ﬂ']flf’]'ﬂﬂ]lﬂﬂumluﬂigﬂﬂuﬂ'nuﬁﬂﬁﬂ'ﬁ



To Power Grid

Q=

Transformer

R
— + =
- ]
!
Power
Breaker
Conversion Battery Bank
System

M 17 laozunsudu@enyeassuuas aunaInuUIUULUARN 09819918

38

FAUDIAUUAIAD3 921 TZNOUAIVUUAIADST HABAUTOUADULUDYNTUHIDYUIU

A Y Y Ay [ A = ]
L‘W’e)ch/i’s’fmﬁn"lﬂﬂ‘izuﬁmm/mmmi HAZUUIATSUUTSTUNANTULUULUAADIISUDY 2

o

a A o w Y a 14 14 [ ~ % 1 ]
NNAAD “lluWﬂﬂ"lﬁﬂulV\h/\hf)UL'J@imf)i (MW) 4aguH1anaduUuawmas (MJ) @I985
Y

o {1 o w < o
fdeams InszuuazaundIunuunuamesemad Wi 2 Mw dunar 2 2 Tus azgn

o { &
LETIEJWUHMGU’E]3531J1Jﬁg’dll‘wa\‘]\ﬂmm‘uu‘]ﬁlm’fﬁlﬂu 2MW/4AMWh

Discharge Time (hr)

01

0.0

0.001

oo 01

1 10 100

Rated Power (MW)

v
=

Ni=H

CAES  Compressed air
Dol-layar capaciors

Freahoals
Leac-ackd

Li-lom  Lithiurm-ien
Na-5  Sodium-sulier
HiFCd  Nickecadmium
Nickebmetal bpdrida

PsH  Pumped hydro

Vamadium recas

InBr  Zinciomine

1000

d‘ A o v Aa = o
HMNN 18 Wﬂﬂ‘U’ENig‘U‘UﬁgﬁiJWﬂ\1QTLlLL’]JUllﬂﬁlﬁﬂiﬂuﬂﬁuﬂﬁﬂlmuﬂﬂi]‘]J“L!

10,000



39

[ o

[ 9| v { a 9
ﬂmamelmseuaWummm"h/\h/huazwaNmmamm]madﬁ i]%gﬂWiﬂim'li]'lﬂTﬂiilﬁﬁN
Adg Y X =) AAa ) P v I
vmmmﬂ% G]f\iﬁ?im3JGU’E]\ﬁgﬂﬂllﬂﬁlﬂﬁliﬂuEJiJH'liJ'lcl"lﬂuigﬂﬂﬁgﬁMWﬁ\N'luﬁ]Si!ﬂu lead-
. . . = Y A a Y =
acid, sodium sulfer (Na-S), and Li-Io Lmz’E’Jﬂﬂﬁ'lﬂiﬂi\iﬁi'l\iﬂ'lﬂlﬂu“V]iJﬂ'li’f]‘ﬁ‘]J'lfJ]l’J YLD

a4 o S Y o A
‘VILﬂEJ’Jﬂ‘U’ViaﬁJG]Iﬂi\‘iﬂTiGluﬂ%%q’]J‘L!‘V]iJfﬂiclf]fi3‘1J‘]J’(3f3ﬁMWﬁQQWHLLUULLU@L@@iiH (Parker,

2004)
10. Mvaasuulaivinuezdsawenuuadvias (Lead-Lag Compensator)

Taon2 ldlumsaivquszuuisila Badengalumsaiuauszuundanenis 1y
PAT1U19AIANTN (HIAIVANIVDTATIY) NMTAIVANAINA I TITaAAIAAIANADUNAN1IZDY
@ A o Yy a g 1 A Y 9 v A 1
a7 e dy o1 uduuuuaInIn tazi 1¥ons1verenun waneuaueavedszuu Uy

9y A 3 1A ' o 9 2 Y 1 I Y v
annztnazFwalnIunege nazevvzi linaedesla odnelsnawmsldainingy
puudadiuediuded hidmwisomidszuuanileliqussozaiuindeosnisIdiaue 1o
o o 9 9 o A A 9 ] ] 1] a A o A o
T Ao 19aIAIVAUFUADUVINIFIY IFUAINIVAN HUVIUNNTD HIDAIAILANLUL

o J
oUWUT

Ao Aan A Y o A 9

PNINUGINIT lumsmuanssauz1vnuszuy TaemsulasuIasaas19veeszuL

A0AIBAITY (Compensator) 1o HszuD I Taliaussauzdons e amvawognldly
[ Y

dnHaZoYNTNAUTYUUAL tNe¥AroaNTTOULURITE Y Tudnentinustiznandasae 2

uuy TauAdvarsonuuiv tazd1mas (Lead-Lag Compensator)
10.1 MIPOALDURIAILANUU DTN ¥ALLE
a Q d91 U U
q¥14 (2555) N15ENUUUAIRIUANLUVUI @ 1u1saliudjednuazved

I~ < { @ ' a
nanauaueaslnianuE ldmundesns saulddmsdsulgemnnuranataluaniizag

4 v v
a1 m3liuigemeditmstiazdedimaiinInauazd T5idn 1) luszun danmd 19



40

Compensator
Plant

K, | Gl 1 G, I(s)

MNA 19 n‘uumuﬂmmuﬁmwm%

A A A 1 Y = o Y 9 a 2
may TwanTod 15141 11 luszuy aglinari 1ddun1aausnueIszuunang
{ 4 v o a { < o 1
wasunilas woausofisulidumaausinilasuulasld dausadondiuniiaved
) 1 v 1 [ [
Twa adumialaquusznueald uAnuen 1NN UeANNILENNITNIEBNEATINHIVBY
Yy 9 o A 1 A any Y9y (] [ L J = [
52U 1dud7 d99N5aenAIN LD EITNINA laaeun Y Fanvuenausoliuily
] Y 9 A ) o a g ' Vo
AT IveIRaneUdued 1dues uazdiminiy Inalndyaduiianvzdinanoninaiuy

a (=4
mwamiuﬁmazmmaﬂmﬂ

{ %] { Y
1NNNN 19 TumsesnuuumInIUANLLVYAE NUanIINIzlIzneuals Inatasd
[ 9 @ = [ @ 9 Y] 3’; d' [ ) [
13187 33NN UNUVBIAIAIVANAIY AIUUN NN 19 AsonoInunuas Tangune Tou

o < v A v W A
Gummmmmﬂummmnummwm 20

Compensator Plant

Gc (?)

R(s

L 4

6,(5) |10

MW 20 FINIVAUUDVTNIBALE



41

S @ dyd
Tasandunis louueIdInIuANIAD

Kcﬁ(s +2,)
G, (s)=—"= 4)

n

H(S+ p;)

Y as
10.2 HAVDIMIV¥ABIAIY INaLALE 15

<3 1 4 ° A o - '

wrtu laiulemsiy Tnan T luszun Tnav lddumadusinalaeu Ty

Tagidumaausinazgoran lunsauyniovesszuiued msmy Tnaniod 151 11 lu
= 1 dl 9 a = 9y da! {9 U ) ]

szuvziinanomalasunasveudunadusin nniotosIuednuIAHUIVD

[ o A

' v Y
Twansed s lliuieglndnugaduiianse la d1ina 13 lndgaduiiaunmla

q

9
%

gondanaldidumadusinaenTdunmniu

A asr Y Ao A
agtnavesmaiy Tnanazd 59 1 luszuuliaail

- manind 150 T luszuvezih Iiidumadusingnwan ldmedudne

- mavin Inadh I luszuvei ldidumadusingowan lunedan

A o A g o9 Y a X A Q o
- ﬂﬁL‘WlIT‘Wﬁ@]iﬂi}ﬂﬂ1luﬂ°’l]$L‘]J‘LJﬂﬁ‘VlﬂW‘]fHﬂﬂJ@ﬂi%‘]J‘]Jgﬂﬂlu Wionlunmsvan

MANUAANAIA T UFTN AN

A Y v oAs o q ¥Ya v Y o Ay Yy o 3
- ﬂ'li!leIIWﬁGI,WﬁiQﬂU“ﬁIii}%T]'lGlﬁLﬂﬂﬂ'liWﬂﬁ'Nﬂu Wi'ﬁ]ﬂ'l‘l’i'lﬂ']'lﬂhl'ﬂﬂﬁa]ﬂuﬂ

a2 litimanomnlasuulasvesnanouaue ez dUMaaUI NN
103 daasauumarimii (Lead Compensator)

° 9 Yo o [ < o Yy
ﬂ'lﬁclfﬂlﬁ)'ﬂlll]l]W‘IﬁUWWU']GlGIfﬁ']ﬁﬁ‘U‘]Jiﬂﬂ?ﬂﬂ??n&ﬁ?m@ﬁwaﬁﬂﬂﬁu@ﬂ V]']llﬂﬂﬁﬂ

msuinn Tnanagd 1590 U lusz oy Taen13119& Tuuunuas s nudIua1eg Inaiadouvog



. A o R gy Y Y A Asia A g
3¥11 (Dominant complex poles) wazeInadnavte nmemudneiiove s Is iuuwmn

aaraaalunini 21

& —iine

. JE

a A Aas g o ° v
MNN 21 ﬂ”li!‘WllI‘Wf‘]llﬁggﬁjifﬂﬁiﬂﬂ15ﬂfﬂlﬂfﬂl!ﬁutﬂﬁu1ﬁu1

Lead Compensator Plant

Gc (?)

R(s

L 4

G,(5) 11

3 < (J o
anﬁ 22 ‘Ua’oﬂllﬂ’e)zLLﬂimemeLGBEJLLU‘}JW\Iﬁumﬁ}”l

S 1 o 2 a
ﬂ\iﬂslfuﬂ']fliﬂuqlﬂqmgﬂjUﬂNLLUUUﬂ@

42

Gc(s):w'z<p (25)

(s+p)

Y
FaauveaszesrinasernaInauaz® 13 p/z lindsnu 10 1 Snnnunil

] E4 [
uuzah lfinudn U DB NgANI (Double Lead Compensator)



43

10.4 @sasenU U ad1ma (Lag Compensator )

mssaonuuladmaslFdmsudiuljemanudanaialuannzaii ¥ld

Y A as1 9 a2 9y o A A
aromay Inanagd 1501 1 lusz oy Tasnmsnalna vuunuaselndqgaiuiia tag11ed s
A o Ry Yy 9 A ) A As Y o & 2
pnanile imadudreiioves Tnamudwn iesoneInanazd1s 131ndq dudaezling
IndiResnumsindenu 3o iraneuauesvesszunluanizying lunldsundasnmin

] A 3 oA 9 1 [ 1Y 9 A 3 9
sazdumaudusinnoz lunfasundaunnimgsuny Tagezgawan ldmemuaniiedanties

A A 9 oA ' [ =
L’LlfNﬂ1ﬂ'ﬂ\ﬂwaﬂ')’l\‘]ul'ﬂﬂﬁi}ﬂfnluﬂiﬂﬂﬂ'ﬂ aaaasluning 23

& —lina
daminent complex poles

Ja

d‘ A AS1 o o Y [
MNN 23 ﬂ'lil‘WllIWﬁllagcﬁiiﬁ'lvﬁfﬂﬂ'li(’]fﬂl{’]fflllﬂﬂlwﬁa']ﬂaﬂ

yusznIn Inauazdlsyae A linasinu s°

Lag Compensator Plant

Gc('g)

R(s

kL

Y < @ @
anﬁ 24 Uaﬂﬂul@’e)zuﬂimlmﬁasmLGBEJLLUULW?(Z%}WN



44

) ' J dyd
Wangume Touvesdinuguiiae

Ko(s+2)

G, (8)=——"; (26)

(s+p)

aauquuunil wiinarhldmanuranaialuannzasiianalszunm
IMNUFATINYTLI TSN INanUF |5 p/z Mueauns
u
€ Z
C ~ 7SS . [ .

esszg,ﬂ—g, 27

Tagil
e, - before; e, : after

11. uANOaneINY (Genetic Algorithm)

]
axy =

Y o A A A a 1 . . < °
513N 15 UM IMmae UM auNgANE N1 Genetic Algorithm 11111331004
9 4 ]
NTZUIUNITIIAUININNTITNFIA Tasvuaoulu Algorithm 1 92310 gAMADY (NU
#18 Chromosome ) (3813113529107 ( Population ) MABVILNINANTIIYTEWIATHIIUN
Y 1

asalszanns Iniauun Taendan Uszmnslnunldnezaninlszmnsgam dnevazgn
Lﬁ@ﬂMﬂﬁWI’ém“lgﬂGl‘ﬁli (gnriau 130 Offspring ) GTNQﬂﬁ’mﬁaﬂmﬂmmmmzan( Fitness )
o %} dy gz d’ 1 o A Y o d'
anszuaumsit ldaunszisussguiatonly (wu Suauveslszmnnivie ladaeuiign

Yt A

Wannlnangauda)
9 o J o . . S o dy
mmumﬂﬂﬁzﬂ@umm U949 Genetic Algorithm AU

11.1 Chromosome Encoding

11.2 Initial Population



45

11.3 Fitness Function
11.4 Genetic Operator -> Selection, Crossover, Mutation

11.5 Parameters
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| m==Cloudy weather
------- Rainy weather
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Evaluation of Battery Energy Storage System for
Frequency Control in Microgrid System

K. Hongesombut', T. Piroon’, Y. Weerakamaeng®

Department of Electrical Engineering, Faculty of Engineering, Kasetsart University

Abstract— Smart grid is a driving force for the development
associated with renewable technologies. The use of renewable
energy sources for electricity production has been increasingly
brought into attention. Basically, the power generated from these
sources may cause the fluctuation of the electrical power
affecting the quality and reliability of the power system.
Therefore, the proportion of electrical power generated by
renewable energy sources into the power grid must be controlled
appropriately. The appropriate ratio of the renewable power
generation can be evaluated from the Power Ramp Rate (PRR).
The value of PRR that initiates the power system to become
unstable is called the critical PRR. In this paper, to find the
minimal required energy for frequency stabilization from the
battery system, PRR is considered in the evaluation. The
simulation results demonstrate that PPR is very useful index in
determining the appropriate size of power and energy of the
battery system to keep the frequency deviation of the power
system within the standard limit.

Keywords— Battery System, Frequency Control, Power Ramp
Rate, Renewable Energy Resources, Microgrid System

I INTRODUCTION

Recently, the use of renewable energy sources for
electricity production has been increasingly brought into
attention. This is due to the smart grid that is becoming a
driving force for the development associated with renewable
technologies. When the generation of the electrical power
system includes the renewable power sources, controlling the
fluctuation of power in the power system must be taken into
consideration carefully due to their power generation
characteristics of renewable power sources. Typically, the
change of electrical power from these renewable power
sources can be evaluated from Power Ramp Rate (PRR).
Moreover, PRR can be used to control the fluctuation of
electrical power in the power grid. There are two types of
PRR: upward and downward ramps. If the power system
possesses the upward ramp that might be due to the drastic
change of climate such as the storm, it means there is
additional power fed into the power system from the
renewable power sources. On the other hand, if the power
system behaves in such a way of the downward ramp that
might be the day full of cloud, its means there is the lack of
the generated power from the renewable power sources [1].
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This paper is divided into seven parts. First, it begins with
the introduction. Secondly, it describes the configuration of
the study microgrid system. Thirdly, the PPR used in this
study is defined. Section IV describes modelling of the study
battery storage system. Section V describes the controller
design methodology of the battery energy storage system.
Section VI demonstrates the simulation results under different
conditions. Comprehensive studies are made by comparing the
simulations results to reveal the potential changes in
performance due to the adoption of the PPR for designing the
battery storage system. Finally, conclusions are drawn in
section VIL

II. THE STUDY MICROGRID SYSTEM

The microgrid system used in this study is shown in
Fig. 1. The microgrid system is composed of the frequency-
controllable generator, the energy storage battery, the wind
farms, the solar farms and the cluster of loads. The power
demand of the loads in the simulated microgrid system is the
load profile data obtained from the Provincial Electricity
Authority. The peak power demand is assumed to be 130 MW
and the amount of renewable power injected into the
microgrid system is up to 25% of the total power demand.

Solar farm Wind farm
Thermal power plant /
1 ﬁ E Battery System ~
- \
| 9 4>
i
! -4 v
i
i
Control Center |
Py Ps im Pey Pu
i
P
— — » Control signal
Power network
Load

Fig. 1 The study microgrid system.
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Fig. 2 The simulated microgrid system.

Fig. 2 shows the simulated microgrid system used in this
study [2]. The power demand of the cluster of loads is
formulated from the load profile data obtained from Provincial
Electricity Authority (PEA). In this study, the existence of the
renewable power sources in the power system is set as 25% of
the total power demand. The proportions between the solar
power sources and the wind power sources are varied to find
the appropriate ratio to the power system.

IIL PPR CALCULATION

The PRR occurs when there is the rapid change of power
amplitude in the power system. This situation may bring
difficulties in the frequency control of the power system [3-6].
From Fig. 3, the power from the frequency-controllable
generator (P, ) comes from the difference between the load
power (P, ) and the power generated from the wind (P, ) and
from solar (P, ) in different proportion at the specified
duration. The PRR can be calculated as follows:

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

PRR= ()]

IV. BATTERY ENERGY STORAGE SYSTEM
The simulation model of the battery energy storage system
is shown in Fig. 3. The controller of the battery energy storage
is the lead-lag compensator. The battery is modelled as the

first-order transfer function with the time constant 7, - The

charge and discharge efficiency of the battery is set to 80%.
The state of charge (SOC) is decreased proportional to the
duration of distributed power. When receiving the LFC signal
as the charging signal, the power of battery is discharged at
the same frequency and magnitude into the microgrid system
[8-9].

LFCsignd

Fig. 3 The simulation model of the battery energy storage system.

V. THE CONTROLLER DESIGN OF THE BATTERY ENERGY
STORAGE SYSTEM

In order to find the appropriate parameters of K, 7} and

T, of the controller shown in Fig. 3, the lead-lag controller is
optimally tuned by GA. The objective function is to minimize
the frequency deviation back to the standard level. The
objective function can be mathematically formulated as:

t
MinJ = j Af*dt )
0

Subject to
0<K <10,
O<T T, <1

V1. SIMULATION RESULTS

A. Effect of the PRR on the Frequency Regulation

The renewable power sources consist of the solar power
source and the wind power source. In order to determine the
appropriate ratio for the whole microgrid system, the electrical
power generated by renewable power sources is injected into
the microgrid system with different proportions as shown in
Table L. Fig. 4 shows an example of the power profile from
various sources during a day with the ratio of renewable
power sources of 25%.

TABLEI
THE RATIO OF RENEWABLE POWER SOURCES INSTALLED IN THE MICROGRID

The renewable power demand 32.5 MW
(25% of the total power demand)
Case
Solar power ; )
Wind power source
source
1 | 29.25MW (90%) 3.25MW (10%)
2 [ 22.75MW (70%) 9.75MW (30%)
3 | 16.25MW (50%) 16.25MW (50%)
4 | 9.75 MW (30%) 22.75MW (70%)
) 3.25MW (10%) 29.25MW (90%)
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Fig. 4 The power from various sources during a day with the ratio of energy
from the renewable power sources of 25%.
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Fig 5 The PPR of the renewable power sources used to control the frequency

during a day.
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Fig. 6 The frequency deviation of the power system in case without the PRR.
consideration and with different PRR considerations.

With different proportions of the renewable power sources
according to the data in Table 1, the power profile, such as
shown in Fig. 4, can be obtained. Then, the PRR is calculated
by (1). The calculated PRR of the generator used to control
the frequency during a day is shown in Fig. 5. It can be
concluded that if there is the addition of electrical power from
the wind power source up to 90% of the renewable power
usage target, the maximum PRR is 22 MW/s. The effect of the

PRR on the frequency deviation is shown in Fig. 6. The
maximum PRR of Case 1, Case 3 and Case S according to the
study cases in Table I are considered with the nominal
frequency of 50 Hz. From the simulation results, it is found
that the case without considering the PRR and the case of the
maximum PRR of 22 MW/s, the frequency deviation of the
power system does not follow the standard. To keep the
frequency deviation in the standard range, the installed
renewable power sources must be reduced to 15% of the total
power demand. This makes the utilization of the renewable
power sources unable to satisfy the installed target. In
addition, the critical PRR is 17 MW/s as indicated in Fig. 6.
B. Effect of the Battery Energy Storage System on the
Frequency Reguldation

The battery energy storage system can be used to keep the
frequency deviation in the standard range without reducing the
installed renewable power sources. The battery energy storage
system can deliver or absorb the energy from the power
system in order to damp the frequency oscillations. The
optimal parameters of the lead-lag controller can be tuned by
GA. The optimal parameters of the controller are: K =0.671,
7/=1 and T,= 0.378. To evaluate the requirements of the

battery energy storage system for the frequency regulation, the
simulation results are carried out for two cases as follows:
Case 1: Without the PRR consideration

There are 3 sub-cases are considered: (1) without the
battery and any controller, (2) with the battery but without the
proposed controller, and (3) with the battery and with the
proposed controller. The simulations are carried out for 3 sub-
cases to evaluate the power of inverter (MW) and the energy
of the battery system (MJ) used to recover the frequency back
to the standard range. Fig. 7 shows the effect of the battery
energy storage system in case of with and without the
proposed controller. It can be seen that the battery energy
storage system with the proposed controller can effectively
damp the frequency oscillations.
Case 2: With the PRR consideration

The similar results can be obtained in Fig. 8 but with the
PRR consideration.

04 —_———
== without Battery and Proposed Control
~==yith Battery without Proposed Control
—with Battery and Proposed Control

S

&
s

&
=

Standard limit = 1%

Frequency Deviation (Hz)
£

0 2 4 6 8 1 £ # % # 2
Time(Sec)

Fig 7 The frequency deviation of the power system of Case 1
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Fig. 8 The frequency deviation of the power system of Case 2.

C. Size of the Battery Energy Storage System on the
Frequency Regulation

The battery power output and energy discharged from the
battery energy storage system are calculated. It is assumed
that the battery should continuously supply the energy for 20
seconds. Fig. 9 and Fig. 10 show that the case of with the
battery but without the proposed controller needs the
installation of the battery with the rating of 13 MW and
242.32 MJ and the case of with the battery and with the
proposed controller needs the installation of the battery with
rating of 13 MW, 238.34 M.

Battery Output (MW)
16.00
14.00 13.00.13.00

12.00 B without Proposed

\\Q

Fig. 9 The power delivered from the battery energy storage system in case of
with and without the PRR consideration.

Energy Discharged from Battery (MJ)
30000 |

2423223834

25000 |
u without Proposed
Control

«with Proposed Control

%mmm

200,00 |
150.00 |

100.00 |

50.00 —

A

0.00
No considering PRR PRR=22MW/s
Fig. 10 The energy discharged from the battery energy storage system in case
of with and without the PRR consideration.

It is obvious that with the PRR consideration, the power
rate of inverter can be reduced to 53 % less than the case
without the PRR consideration no matter there exists the
optimally tuned lead-lag controller or not in the power system.
However, the optimally tuned lead-lag controller can improve
the damping of frequency oscillations.

VIL CONCLUSIONS

The frequency regulation in the microgrid system is
analyzed by considering the cases with and without the PRR
consideration. From the simulations, it is seen that the power
rate of inverter and the energy rate of the battery necessary for
controlling the frequency to be within the standard range can
be reduced when considering the PRR. In addition, with the
optimally tuned lead-lag controller in the power system, the
frequency oscillation is also reduced. Therefore, with the PRR
consideration, it is very useful for obtaining the appropriate
ratio from the renewable power sources added to the power
system and can be used for the calculations of the power and
energy rates of the battery that are efficient to control the
frequency in the power system.

REFERENCES

[1] C.Ferreira et al., “A survey on wind power ramp forecasting”, Institute
for Systems and Computer Engineering of Porto L.A. (INESC Porto
L.A), Porto, Portugal, 2010.

[2] T. Priroon, K. Hongesombut and Y. Weerakamaeng, “Analysis of
frequency regulation in microgrid system considering power ramp rate
of renewable energy”, Proc. of the 35th Electrical Engineering
Conference (EECON 35), 2012.

[3] B. Greaves, J. Collins, J. Parkes, and A. Tindal, “Temporal forecast
uncertainty for ramp events”, Proc. of the European Wind Energy
Conference and Exhibition 2009 (EWEC 2009), Marseille, France, 2009.

[4] N. Cutler, M. Kay, H. Outhred, and I. McGill, “High-risk scenarios for
wind power forecasting in Australia”, Proc. of the European Wind
Energy Conference and Exhibition 2007 (EWEC 2007), Milan, Italy,
2007

[5] N. Cutler, K. Jacka, and T. S. Nielsen and M. Kay, “Detecting,
categorizing, and forecasting large ramps in wind farm power output
using meteorological observations and WPPT”, Wind Energy, vol. 10,
pp.453-470, 2007.

[6] KT. Bradford, RL. Carpenter, and B.L. Shaw, “Forecasting southern
plains wind ramp events using the WRF model at 3-km”, Proc. of the
AMS Student Conference, 2010.

[71 Mi Yeong Hwang et al., “Prediction of wind power generation and
power ramp rate with time series analysis”, IEEE Intemational
Conference on Awareness Science and Technology (ICAST), pp. 512-
515, Sep. 2011.

[8] T.Masutaand A. Yokoyama, “Supplementary load frequency control by
use of a number of both electric vehicles and heat pump water heaters”,
IEEE Trans. on Smart Grid, vol. 3, no. 3, pp. 1253-1262, Sep. 2012.

[9] M. Arita, A. Yokoyama and Y. Tada, “Evaluation of battery system for
frequency control in interconnected power system with a large
penetration of wind power generation”, IEEE International Conference
on Power System Technology 2006 (PowerCon 2006), pp. 1-7, 2006.




86

POWER RAMP RATE OF WIND AND SOLAR FARMS ON
FREQUENCY REGULATION IN MICROGRID SYSTEM

T. Priroon K. Hongesombut Y. Weerakamaeng
Department of Electrical Engineering, Faculty of Engineering, Kasetsart University
50 Phaholyothin Road, Chatuchak, Banglkok 10900, Thailand. Tel. 0-2797-0999 Ext. 1577
E-Mail : crescendo_(@hotmail .com, fengksh@ku.ac.th, fengyww(@ku.ac.th

ABSTRACT

Solar and wind energy sources are becoming
popular in power eleciric generation However, these
sources of energy are prone to experience the sudden
change of the atmosphere which makes an unbalance
between the demand and supply of electric power system
that can make the load frequency control (LFC) much
more complicated. In this paper, we analyze the power
ramp rate (PRR), when there is the availability of
renewable energy from wind and solar system at
different proportion based upon the frequency deviation
of the system. Finally, we estimate power and energy
rated for energy storage system.

Keywords: Load frequency control, Microgrid, Power
ramp rate, Renewable energy

1. INTRODUCTION

Referring to the Alternative Energy Development
Plan: AEDP 2012-2021, the target is to use the energy
from the renewable energy source as 25% of the total
energy. The provisional supplying energy from solar
energy source is expected to be 2,000 MW in 2021
which nowadays is at 75.48MW. This means that there
will be 96.2% incremental in energy coming from the
solar energy source in the future. In the similar manner,
it is expected to have full capacity of the wind energy
source of 1,200 MW which presently is at 7.28 MW.
This means that there will be 99.4% incremental in
energy coming from the wind energy source in the
future. The large amount of incremental energy from the
renewable energy source may impact the frequency in
the system. The variation of frequency beyond the
standard limit may cause the blackout in power system
by cascading tripping of generators. This paper studies
the ratio of energy from the renewable energy source
that 1s increasing in the future and the effect to the
frequency in the electrical power system.

2. MICROGRID SYSTEM IN THE STUDY

The microgrid system in this study is shown in
Fig.1.The microgrid system consists of the LFC
generator, wind farm, solar farm, and the small-clustered
loads.

LFC generator Solar farm Wind farm

— — » Control signal
Power network
Load
Fig.1 The microgrid system
Load T
4 BEE £
Solar fam  ——{ + %D

Wind farm  —— +

Control Center

Area —|
LFC Signal Thermal

Power Plant

——

Fig.2 The simulated microgrid system

Fig2 shows the simulated microgrid system.
During the simulation, the load power, which is the data
gained from the PEA’s load profile in July 2011, is
assumed to be 130 MW. There is also the assumption of
available energy from the renewable energy source as
25% of the total energy. Table 1 displays the ratio of the
renewable energy in the microgrid system. The
renewable energy sources are arranged into two systems;
the solar energy source, and the wind energy source in
order to determine the appropriate ratio for the whole
system. [1-2]




87

Table.l The ratio of the renewable energy in the
microgrid system

The renewable energy demand 32.5 MW

Case (25% of the total energy demand)
Solar energy source Wind energy source
1 29.25MW (90%) 3.25MW (10%)
2 22.75MW (70%) 9.75MW (30%)
3 16.25MW (50%) 16.25MW (50%)
4 9.75 MW (30%) 22.75SMW (70%)
5 3.25MW (10%) 29.25MW (90%)

Then, we need to calculate the power required
from the LFC generator for controlling the frequency of
microgrid as in equation (1).

Pp =F; By —Ppy M

When P, is the power required from the
frequency-controllable generator, P, is the power of
loads in the system, By is the power produced from the
wind energy source, Ppjis the power produced from
the solar energy source.

Power(MW)
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Fig.3 Power in various units during a day with the ratio
of energy from the renewable energy of 25%

Fig. 3 depicts electrical power in various units
during a day which 1s the power required by loads in the
system, power produced from the wind energy source,
power produced from the solar energy source and power
from the LFC generator. The percentage of power from
the renewable energy is 32.5 MW (25% of the total
system) which can be classified as the power from the
solar energy source of 16.25 MW (12.5%) and the power
from the wind energy source of 16.25 MW (12.5%) of
the power demand of the whole system.

3. POWER RAMP RATE

The amount of power from the LFC generator is
derived from the difference between the load power and
the power from the wind and solar energy sources at
various ratios. The sudden increment or decrement of

power is called the Power Ramp Rate (PRR). The
equation of PRR can be written as equation (2). 3]

. P(1+AA11)—P(t) 5

Where PRR s the Power Ramp Rate (MW/s),
P(t+At)is the power required at time 7+ A7 (MW),
P(t)1s the power required at time ((MW), Atis the
specific duration (s).

2.
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Fig.4 Power ramp rate of LFC generator during a day

From Fig.4, we found that if there is the increment
of energy from the wind energy source to 90% of the
energy from the renewable energy sources, maximum
PRR will be 22 MW/s. On the other hand, if there is only
10% of energy from the wind energy source, maximum
PRR will be 12 MW/s. Maximum PRR has great
influence on balancing the supplied and load power.

Table 2 Average and maximum of ramp up-down rate

Power Ramp Rate (MW/s)
Case | Average [ Maximum | Average | Maximum
ramp up | ramp up ramp ramp

rate rate down rate | down rate
1 1 12 -1 -12
2 2 15 -2 -15
3 3 17 -3 -17
4 4 20 -5 -20
5 6 22 -6 -22

Table 2 shows that if there is 25% incremental
energy from the renewable energy source which comes
from the wind energy source of 10% and from the solar
energy source of 90% (case 1), both maximum ramp up
rate and maximum ramp down rate will be £12 MW/s
which is the minimum PRR. If the energy is from the
wind energy source of 90% and from the solar energy
source of 10% (case 5), both maximum ramp up rate and
maximum ramp down rate will be £22 MW/s which is
the maximum PRR when considering the energy from
the renewable energy sources as 25% of the total power
demand.
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4. SIMALTION RESULTS
4.1 Effects of PRR

From Table 2, we chose case 1, 3, and 5 to
consider the impact of PRR to the frequency of the
microgrid having the synchronous frequency of 50Hz by
considering the deviation of frequency whether it is
within the standard range (50Hz+1%) of the power
system or not .[4]

--= No Judgment PRR
--PRR12 Wi
|—PRR=17 s
~~~~~ PRRE2MMSs |

ritical Power Ramp Rate

Load Deviation (MW)

¢ s 0 7 W %
Time(sec)

Fig. 5 Step changes of load and PRR consideration

In Fig.5 we assume that there is a step change of
load to 32.5 MW (25% of the total power demand) at t =
1 second and load change in term of various PRRs. We
can determine the Critical Power Ramp Rate (CPRR)
that begins to deviate the frequency from the standard
range.
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Fig. 6 Deviation of frequency in the system without and
with PRR consideration

I'rom Fig. 6, the simulation results, with PRR of
17 MW/s which is CPRR, illustrate that if there is the
increment of the energy from the wind energy source,
PRR is increased and the first peak of frequency is out of
the standard range.

4.2 Effects of the ratio of energy from the renewable
energy

The ratio of energy from the renewable energy is
adjusted to various values; 25%, 20%, 15% and 10% to
determine the proper ratio without considering PRR.

°
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&
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&
=
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Fig. 7 The deviation of frequency in the system for
various ratios of the energy from the renewable energy
sources

From simulation shown in Fig. 7, it reveals that if
the ratio of the rencwable energy is decreased from 25%
to 15%, the first peak of frequency will move into the
standard range. This means that if we consider the
suitable PRR, we can use the renewable energy of 25%
complying with the target of the renewable energy plan
in 2021. However, without considering PRR, we can use
the renewable energy of only 15% which is not as the
target of the plan. In order to achieve the target, we may
need to install additional energy storage elements that
require more expense.

4.3 The suitable variation of power and energy for

the energy storage el ts when considering PRR
== No Judgment PRR
‘ L2 ===PRR=12 MW/s
500 it amw =—PRR=17 MWis
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Power for Load Frequency Control (MW)
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Fig. 8 The power for controlling the frequency in the

system

The calculation of the maximum power for
compensation and the suitable energy of the energy
storage which still preserve the frequency to be in the
standard range can be shown as equation (3)-(4)

AP= Apmaxl _Apmaxl A3)
AE = AEmaxl i AEmaxl 4)
Where AP is the maximum power for

compensation AP, .., is the maximum power of the

LFC generator for controlling frequency over the
standard range, AP, .., is the maximum power of the

LFC generator for controlling frequency within the
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standard range, AE is the maximum energy for
compensation, AE, ., is the energy for controlling the

frequency over the standard range, AE,.,is the

energy for controlling the frequency within the standard
range.

From Fig.8, without considering PRR. we need to
provide maximum power for compensation of 12 MW
and the energy of 30.42 MJ, whereas when considering
PRR of 22MW/s, we provide maximum power for
compensation of only 5 MW and the energy of 7.28 MI.
It means that with the proper value of PRR, the size of
energy storage elements can be considerably reduced.

5. CONCLUSIONS

This paper presents the analysis of frequency
control in the microgrid system by considering PRR with
different ratios of the renewable energy. Taking into
account the suitable PRR, it is possible to install and use
energy from the renewable energy as 25% as the target
plan in 2021. However, without considering PRR, we
can use only 15% of the total power demand as the
energy from the renewable energy source. In addition,
this research also demonstrates the rated power and
energy calculations in order to use the calculated results
in selecting the appropriate size of the energy storage
elements which are used to control the frequency of the
system to be within the standard.

6. APPENDIX
6.1 Wind power model

The probability density distribution is well
simulated with the Weibull distribution, expressed as:

fm{[%]“e[_(ﬂ J @n

where k is a profile coefficient, ¢ is a scale
coefficient, and V is the wind speed. When k=2, then
the distribution f{'V) is a Rayleigh distribution:

(v 2]
f(m’é{%}[ 4(V) A2

where 7 is the average wind speed. In this paper,
the Rayleigh distribution is used to represent the
distribution of the wind speed. The function is expressed

as an integrated equation:
_z(zf]
NG
(A3)

|4
F(V)= j FOdV =1- e{
0

Since ¥ is changed from 0 to 1, with a uniform
random number X, the random number ¥, which obeys
to the Rayleigh distribution, is given as:

V:Z—Z(—ma—X»"-s a9

—

Where B, is the output of the wind power 4 is

the cross-sectional area of the individual wind turbine, p
is the density of the air, C, is the efficiency, R is the
radius of the wind turbine, and Jis the wind speed.

2
PW:CW_‘)AV3 :M[ﬂ (A5)
2 2
6.2 Photovoltaic model

The following empirical model is developed based
on actual PV operation as shown in equation (A.6).

For6<t<18.5:

Poy (£)= (-0.0000323955 +0.0012949488¢
-0.0133779943£-0.07745311F
+2.0436509568t-7.9849739044) < WF (A.6)

Fort<6and 185<t:
P()=0

where ¢ is the time (e.g. 18.5 is 6:30 pm.). WF is
the factor due to the weather (Fine weather: WF = 1.0,
Cloudy weather: WF = 0.65, Rainy weather: WF = 0.16).

Fig A.1 PV operation curve
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