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# # 6170393921 : MAJOR ELECTRICAL ENGINEERING
KEYWORD: Flywheel energy storage system, Islanded microgrid, Frequency regulation, Load
frequency control
Mutchimas Kheawcum : A Case Study on the Application of Flywheel Energy Storage
System for Frequency Regulation of Islanded Amphoe-Mueang Mae Hong Son Microgrid.

Advisor: Asst. Prof. SOMBOON SANGWONGWANICH, Ph.D.

Due to the geographical limitations of Amphoe Mueang Mae Hong Son (MHS), its electrical
power system is forced to operate as an islanded microgrid when there is a fault in the transmission
system that supplies the electricity to MHS area. Under such a situation, the electrical system will rely
solely on the existing energy resources in the area to supply the required electricity demanded by the
loads, and will be highly sensitive to the fluctuations of the loads and the generations in the area.
One of the most important issues for the islanded microgrid of Amphoe Mueang Mae Hong Son is the
frequency deviation caused by the fast and highly fluctuating solar power and the variation of load
demand. Battery energy storage system (BESS) is the popular solution to handle the above issue.
However, when BESS is assigned to be responsible for fast and high fluctuations, it may lead to large
sizing, high usage rate, and dramatically shortened lifespan of BESS. This thesis proposes, therefore, to
apply a flywheel energy storage system (FESS) to accompany BESS for frequency regulation of the
islanded MHS microgrid. FESS is a mechanical energy storage system with remarkable attributes of high
energy density, fast response, and long lifetime. So, it is suitable for a short-term power application
such as the problem of frequency deviation. In this thesis, two approaches are adopted for applying
FESS to alleviate the solar and load variation problem: 1) the load frequency control (LFC) using FESS
combined with BESS and a small hydro power plant for fast, medium, and slow variations,
respectively, and 2) solar power smoothing using FESS and BESS. The study is carried out based on the
actual data of loads and local power plants to design the appropriate coordination of the energy
storage systems in the area. The results obtained from the simulation by DIgSILENT software show
that using FESS in cooperation with the existing generation resources can suppress the frequency
deviation within the standard. Moreover, applying FESS only for the fast fluctuations results in small

sizing of FESS, reduction of battery sizing, and prolonging the battery lifetime.

Field of Study: Electrical Engineering Student's Signature ........ccocveeiieiennne

Academic Year: 2020 Advisor's Signature .......ccccceeeeiennnne
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Controller |
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~v
AC Grid T T
Converter Machine L Ting
Flywheel
(Rotor)
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sruuAnNundsuriindanuaias (Flywheel energy storage system; FESS) 10U
[ I3 [ . a =3 Py @ [
SYUUANAUNE1IUN9Na (Mechanical energy storage) wlianila Adnuiundasuaalilu
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Ex = =Jwd (2.1)
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N9na (Nm) 19U wsaideaniu (Friction torque) LIIAIUNIU

198y (Windage torque) 1uu
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v o

AR AIEUNSN (2.3)

T, =— (2.3)
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A & a 1% o o
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2.3.1) dauusznauvasszuuiniunasnusindonunings

Bearing
. Power
Machine Conditionin
(M/G) ° onng
System
Flywheel
(Rotor)

* e

Housing

JUT 2.2 dwlsgnaundnuesssuuiniundsnueiindenuig
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[

UATLDUN HIU

1. donurinds (Flywheel) iWuiudiundrAgyiian iwesanimthiidninundsnuaat

v o 1

lngn1svyu Madlsguudeguiasanusauuslaidu 2 Yssiananuanusilunis
& A v o w a < ° o w I3 a
NUVDILTNET AB SEUURBANMIRITlaANEeN T1inA1SIAY 10,000
| = 1% o v a < IS g & '

JaUARUIN (rpm) kawsyuUdenUMAwinAILLTIae TAUSIRIUA 10,000 SOU
FOUNT Lebiiiy 100,000 SBUABUNT

2. wsesInsnaliil (Machine) vimthiiduindeuliaanuiamyu awsausengs
sdulsisuawmasiaziasasinialniin (Motor/Generator; M/G)

3. gUnInikUaadundasu (Power electronic interface) AIUANNTTINIUVBITEUY
fenumaslATurseUdoendany

4. sesauvisendugnUu (Bearing) dvsumquuazSnwmuvtvasdenumasluvne

v svuvdenuinaaindeusesduriinudivin (Magnetic bearing) Wieliinuss
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Taglun1TiaNTandIuINTO UV UAMES (Cycle) MAnaInATsleeIu [12] 359de
d' = ° Y o Y oA a v | Ao Y
fignfon1sAumendsnulnihy i nevisonvasuameIMsIeAnana sl
YpauumAe3 (Rated Energy of BESS) 1583 ndun15Useunaisouni1sida1uvasiunines

(Equivalent Full Cycles; EFCs) AR IANNTST (2.49)

E
Equivalent Full Cycles (ECFs) = —/ouLBESS (2.4)

rated ,BESS

ad v U

pg1elsAnudsdeiulalaiarsan DOD udutladendndenuideuaninnislaau

a o o aaa & aAa a ¢ = v =
POWUALRT d1msuisnutaulavaziluntvulunisiesigianudeuaninnisldaumnie
HU50UNITITIUNAATUTDILUMLABS 158117 Rainflow cycle counting (LU UL UAU

A5 ATBINUVULIRELATHNAIUNTIVBUNGIAT) TntTa1nSutoyaniaiuliuiuay v

RV

1% v

ToyanIINAL/ANLATEAINNSIENUTaR W3etoya DOD vakunwes 1Wusu 35n19ilay
#NA1TUNRNIEIANFUFITeIToUa UINITATIENTBUNITIEUN Balln15TuTIUIUTOU
nanvangwmala [13] 1wy N15UUTBULUY 3 9a (3-point cycle counting) N15HUSBUKUY

4 90 (4-point cycle counting) Hudu

3285U1875n15YUTBUUUY 3 A (3-point cycle counting) Iaggai1un

=Dy

Tuf
fsARIANSUMIvRITaLA (ARgIER/MgniliinannnIsnauiivesteya) uandlugui 2.3

siiasandeyatias 3 9n dmualidu P1, P2 wag P3 win |P2-P1| < |P3-P2| azgniiuidu
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G2 —.—
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H Battery Energy Storage
4 x Mae Sa Nga (MSN) Systems (BESS)

Hydro Power Plant

) The proposed FESS
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nasuivuAanE1Ued (PB Hydro Power Plant) waglsednsawalgasaau (MHS Diesel
Generator) asanlsasabnihndsnuihvuiadnuivseilimdwmantes wazluaniizun

Tsadnshwaaslufinasldeu sufadunisadvayuiuaanisaanislindanuiemasdnme

o 115 kV MHA 115 KV PAI
F5 F10 @ oo
— 22kVPAl % External
22 kv 22 kV Grid
INCOL — ¥ X F INCO2  4f - rs TF9 cicaitn il
| =3 . .
v Mae Sa Nga (MSN) Dam
L (2x2.52) + (2x2.65) MW
e S iR ©. 8 .
V é g g |
. ) &
e MHS Diesel

(3x1)+(3x0.8) MW

PhaBong (PB) - [7]:
Solar Power Plant """

3.5 MW BESS

4 MW

Pha Bong (PB) Dam
0.85 MW

JUN 4.3 wuudnaesseuuliihennelewigesaeuly

U533 PowerFactory (DIgSILENT)

4.2 wuusaadselnfimdsauivunadnusliaza
wuuaeslsslimdsnuivuadnudaseldssvuauaudedemnu [2] el
LLmuﬁqmmgUﬁ 4.4 nnawludiu “SynMachine” Qﬂﬁf’laaﬂﬁ’mLﬂ%@ﬂﬁ%ﬁﬂlﬂﬂﬁ%ﬂﬂiﬁﬁ
wagauduAensmunN FauszneumenismuauussulnignluR (Automatic voltage
regulator; AVR) A118MM5514 1968 IEEE Type 1 excitation system (IEEET1) d51eazid8n
éﬁ’ﬂgﬂﬁ 4.5 LLazmsqumﬁ’ﬁumaﬂaﬂﬂﬂwwé’muﬁw (Governor; GOV) muunsgIu 1981
IEEE type 3 turbine-governor model (IEEEG3) ﬁiwazlﬁmﬁagﬂﬁ 4.6 uonwieanianis

auauanudlaaiglsaliihnduuadnuasn seasdealuiadei 4.6



AVR
EImDsi*

SynMachine
EimSym*

GOV
EImDsl pt 1

psco

w

L L

JUT 4.4 wuudaesssuumuanlsdlimdsuvndnuasa

JUN 4.6 wuudnaessyuumuaniwiuvedsebiiandanuii (GOV)



s

) 'y} 1 a I3 [ 901 I3 1 d‘ a a Q’lj
dusuamisdwesvadlseluilindsnuinvuisdnuwlaznitgludnednust 91994

10 [2] wandlunnsnan 4.1 aemolddl

A1579% 4.1 sfwesvedlsaliindsnuihvunadnidaza

. faudslu | Tsslvfmdsanuthouadnusiszen
NIITULANDI : ;
DIGSILENT | 1597 1 uag 2 1599 3 uaz 4
Rated apparent power of generator [MVA] sgn 3.375 3.3125
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Rated voltage [kV] ugn 33
Inertia time constant [s] H 0.57
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Temporary droop [p.u.] Delta 1.4
Gate servomotor time constant [s] Tg 8
Governor time constant [s] Tr 15
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Mechanical Damping [p.u] dpu 0.114
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AetuaglaLuuIaesveskunnesitdlunuided wandusun 4.11 dmualvien
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VOIUALW D3 waziituuinasiuunnesvindboulossuieaisdygiavioonusssulnii

NTELanTs (Voo ) haga SOC UaIkunLies

.

DC Calculation

|

PQ Measurement Deess » Simple LIB Model soc
> >
(Peess) i= PBESS
DC —
VDC
> R, Viin V] = Vba V] Ns ;’DC
Voc V]
Vgcf_/
SOC
1
el o 4| b [ o (1 g | Quam | 1 soc soc
Np 3600 Qrated

JUN 4.11 WUUTIABIVDUALADS

Tnesuuslunuusiassifmienn fail
fauus Vel Aty
Np Unit Amount of parallel connected cells (increase the total capacity)
Ns Unit Amount of serial connected cells (increase the output voltage)
Rin ohm Internal resistance per cell
Qrated Ah Rated capacity per cell

wazhuUTaewunnednldlulusunsy DIgSILENT LLamiugiJﬁ 4.12 LLangﬁ 4.13

VDC

StaPgmea*

PQ Meassurement (Absolute Values) P

DC Side Calculation|
EImDsl*

1

iDC

Battery_Model

ElmDsl*

SOC

sUN
Y

4.12 uwuudiaeweswumaes 7ldluluswnsy DIgSILENT
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Internal Resistance
K V_Ri - Vbat K VDC
RiCell N Ns
Unit: [V]
8
>
Vcell’'Ns = Vbatt.pack
2>
iDC Cell § 8
1K i
o 35
Unit: [A] Unit: [A] 85
iDC --> iCell
1/sT Q_An 1K soc
-3600,S0CO,CellCap CellCap 1
SOC(0-1)
iCell[A] ==> Q,t[Ah] Q(Ah)/Qrated == SOC

U7 4.13 uuudrassneluves Simple LIB Model Al#lulusunss DIgSILENT

dmfuminefisgililuiuudiaes sufemnuduiudsznineaniugnisuses
(SO0) Auwseiu (Vo) 913989970 [16] wumaeiaSeulooouuszian Lithium-iron
phosphate (LiFePO, 38 LFP) luda A123 Li-iron-phosphate ANR26650M1 Fauanslu
151971 4.2 (udnmnaimes Np uag Ns %IUEJE‘J:ﬁIUﬁ’J%H}LLaSLLix‘iﬁuﬁﬁmﬂ’]i auiléing

TUT19RULa7)

AT 4.2 WD TITLUNITINGDIUBITLUUNNLAUNS U DAL UALADS

WISELA9% Adtldlunisirass
Nominal capacity 2.3 Ah
Nominal voltage 33V
Internal resistance 10 mQ
Nominal discharge current 23 A
Nominal ambient temperature 25°C
Cycle life at 10C discharge, 100% DOD Over 1,000 cycles

4.5 wuudnassvasszuuinnunasusliadenumaenldlunuineinus

[

Tunuideiidiassszuvdonuiaudu Static Generator WWREITUITUULUALADS
lngauuAdIdINUTENaUANNY VBIRaRUMEIRIFUN 2.1 1u l5wes, uaimes uazgunsal
wUa sl uNa91U (AC-AC Converter) agiaglu Static Generator #l4 Lazivualisguy

denumasgnatuaululrualrasdtenseualdin (Current source model) den1slsunse
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Freaetnimun1sINUnARINITINTY MINABINITATIHAAIAINITYINNILYRITEULRBAY

' [ '
v fa a = v A 1

MawsonNusNTwL (@, ) v0dlswmesnifialuannistuindeuveansosdnsnalniieg

Y

Aeluszuudnuias Mty lufeassiuuinasiuesszuudanuiasion1nIus,

LBILUANET

WaliAnnsnyuvedsmeinglusyuudenuiaasdesinistuniounsinaives
JEUUAOAUAIAT Fan15TUIAAoUNBMBSTIEUWINAUNITATUANAIIUGITOUVR NN DS
TnpvialuiindesiasuguwasifioTasuniitazAnusseunsuyuradlsnes 158n3n1s

AIVANLUULIAWDT (Vector control) Nanunsaaiuauusadnlalaenss uaziinnnuudugng

Y

2 ¥
ISP U =<

agulsinunishindarugesvitliiinanugsendudou wasialdaransindsiiinau

(%
a o 1Y Y]

Wasngunsaldsnanlilignianwuniuiewesinenss uenanlidenesdiladamunuas

Y

ANNINAaNTUNSAAAWND TARAIIULLUGIIAIEALUNITITINUY WAL NITAANUYULYDIBND

Y 9

¥
= =

AelvAndyasunIudmalinIsAIuANEINTY SINTUANAULILINTINAILARIINNT

(%
Y

ANATBNMIEY INTBLEEVEIITNITAIUANKUULIAWMESNNEINT AU IRRILINSATUAY
nnweswuuls@uges (Sensorless vector control) iiendnidesnisinsusuges lagldnns

Usganasunisazauiiseun1srauedamesannsinusiukaznsza dauandugy

Y] a

= A O aad o = = ) =
n 4.14 E]ﬂ'VN'Jﬁ‘UEJQ?ﬁlI']iﬂﬂ?UﬂﬁJLLiQU@lgﬂﬂﬂmiﬂLGUTJﬂu FIUAIUAITHLHNUYILASU NG

= I3
ADUAUBDINTIANLIA

AatiukuuTaesuesszuvdenuitasludnginusatuiidddvdinnisaivauiinines
wuulSiwuwes woussuiamududayulunisuyuvedsmeslussuudaguiigs ada

wsstawmllenimudeanis iesesdnsnalnihduniounsnyuvesdenuidasioly

o v w

INAUNTTN (2.2) U (2.3) UagUHUAINTUT 4.14 @131509180958UURBAUMAINT

wanslugui 4.15 Mvualrdiuvenisaiunuussdamienit (Vector control) Wagduves

N9UTEIUANUTUTINUVDIADAUET (Speed estimator) UWVUAIEINIINTOIAILAAINIL

' ] (%
=) a a =

WadeinsArmusudaulunisnyuvesdenuidimiatulunisdiassszuuil lned

U ¥

dyaraurndnduainddlninAdiesszuudonuniidiiunsnieaInuL STy

TngUszanas iaduanssinmiealaguszunarudinunisnIuauwuuINAo L ea519AES

wsslawllgnhnuwiassdinislivewmestuindeudonuring
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AC Grid
cva Ti:d zu >
= Vector Control S Converter
Vw
> v
Cbm
Yy vy i
Speed i,
Estimator iw
L — W,
M/G (
T
Machine L Tin
Flywheel
(Rotor)
JUN 4.14 ununmanIn1sAIvANaInmaskuuliiwees (Sensorless Vector Control)

conv

dwsuszuuiniiundsnueindonuind

1ng

conv

-

nd

loss

38)

Kloss
TL
T 1 Ting - - . 1 a)m=
7,8 +1 + Js

Vector Control

/ Mechanic System
(include converter)

(Machine & Flywheel)

1

A

7,5 +1

Speed Estimator

U7 4.15 wuudaewessuuiniundsnusindenuings

o))}
©

o)
©

ldnannismvaunmesiuuliiguees

o w

MaslihAmdwesssuudonuigs (W)
w5a0Awitlean (Nm) Inguseunn Annanuamastumanuluseuuas

AUAGY

[y o

dulszansuselnagideniena lundamualviauduiusiy

3

v a Y v ! < a v a
ANWULIBAAUNUAIANNI TN el T = Ko - o,

AT LlneUsEINeIaORUAAT (rad/s)
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AatiuazlaluuInaewesssuudenumamldlunuided uandusui 4.16 Amualv
Armaslnihvesszuudeguimdndudygravidt wasluuudiiaesszuudonuid@dinig
AuaNNResLUUlS g3 (Sensorless Vector Control) @¥1aaanusugagulunisvyu

[

Y04l51095 (@, ) Judygruviean lnedinls NumFW nunsdsdiuudenuiaantdlunis

o
1984
PQ Measurement Press Simple Flywheel W
- —»
(Press) Model
| Press [W]I 1 Pperirw W] g INM] 1 Tipg NI Dy

\

NumFW 1+sT,

Vector Control

1
1+sT,

Speed Estimator

JUN 4.16 wuudnaedszuuaenuingg

wazluuInaesszuuaosuidmlglulusunsy DIGSILENT wandlugun 4.17

9 K
Kloss

T_loss

p ==> p*e6[W] pe6[W] / No.of FW

P

K pw, 11K piFw [l Tindc | 1i1+sT) Tind A yi 11sT wm
1000000 NumFW L ﬂJ Tssl &’ J,wm0

wm_est

1/(1+sT)
r gl'esl

U7 4.17 uuudraoswesszuudenuidsililulusuns DIgSILENT
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¥

AaENYaEIINIEYRITEUUdenUMA Y luine inusd

[

PNBINBNEITNINNALA
YDIUTEN SANKEN sauandlunsadn 4.3 drludnisimuamimsiinesvedseuuaenuiig

PaluAnednwust wandlunnsen 4.4

M3 4.3 AUANAILTUNIZYBITZUUANAUNE I UTdndanuings

W19dinas Tayaviwie
Rated Energy 7.2 MJ #39 2 kWh
Rated speed 7,500 rpm
Motor Induction motor/generator, (output power 15kW/30kW/90kwW)
Flywheel dimension 0694 x t156
Weight 386 kg

A5 4.4 Wsfwesnldlunisinaesesszuuininunasnuriindenuings

R HIELE ail#lun1ssnaas
Flywheel inertia (J) [kg.m?] 23.344
Vector control time constant (7, ) [s] 0.01
Speed estimator time constant (7, ) [s] 0.001
Speed estimator time constant (7, ) [s] *ideal 0
Coefficient of loss torque (K, ) *ideal 0
Number of flywheel (NumFW) Sﬁuagﬁumuﬂmﬁmﬁqﬁﬁmmi

[J

WUAFIUNTUTZNAAIS TN (Speed estimator) wazussTnagydenis

y o

Tundl

] 1 <

nabidulumnsgaumi* Asiudiunisuszananusudauddawingu 1 vilinsdnes

7, IAndu 0 wardruduuszansussdaandeniang (K ) fawdu 0 wuiu dufieliiie

loss )

wsalngayideniena

4.6 wuuINaaeTTUUATUANANNA InaanAne TuuINeinus
AMuRURuveslranluszuulihdwmansenulrialamauaudvesssuulaiig
a a6 ' A o = v ::1' =
21UAUNTOAINININTFIUAANUA F9FBIN1INITAIVANAINNDTEUULINTY TanI1sAIuAY
ANUdWan (Load frequency control; LFC) wivalvidndeauuaudlnieglunaeii nua.

vun fie 50+0.5 18509 dmsunismivauANLdlvanluIne1lnusl Avualiiinisyinu
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20UV AN AUV UIAE N AZ9T TEUUANAUNSIUSTALUALADT LAZTEUY

< [ a o v v

Anunasueinaenuig dean1savaunanslugun 4.18 lnesuadssuuanudlii
Wudygradidy wazuusguanudeonidu 3 seAUme93snT09ANURRNILE URUNTS
LouA AMUALEISY U1UNane waed F9gnIedsusigseuuaenunIal STUULURLADS waY
Tselihndanudiudaza auddu sl ndsnudiuiazaazgnimualisuiinyey
AMURUNIUAEINIIAIaImevauewelsdliil AsdudiuanuduniuiisindtAan
navaueadlstbiilulazsSuinreulng T UUARAUNIA LA SEUULUMADS deyay 10
AUl suuANUdNgnLUsguAINdfeng s svgndeiuludnunuuuudadiunas
a a o oA Y o o o N v oA
DUNNIA LWDEFINT iuwiyﬂmmmmimmummaiwa@ (LFC command) Tiiusiazuasnan
Llfih Nsilszuvdeguiduuazseuuiunmeiglimaiunuuuudndiumintdy iiwendnides
lalsyuumavauesradyyrunuiunuluguauds wasiisldunisanauinfdniu
Y9ITTUUANNUNANUTIIE0lindneie Weodw1nI1 mnldiaiuguuuuduiinda szuy
a v A a o ! 4 v o w v ! =)
AIUANATLBNTIVEIUEINNEIUAINAAT dmaliiszuuRenUMAMAEIUALADS ABIT1EvTe
Sumadsnulniuwasndanuliindvsunuaduannzegiwdidyyruanudeauy

anudluguiingnnseswudineddiesuininig FuluddlifisUssawn

- Frequency Low Frequency
Deviation 1 Components LFC Command
> | Pl Controller ~ —— for MSN Hydro
(Af) 1+ 71pF1S Power Plant
Low-pass Filter
+ _ (LPF1)

Medium Frequency

1 Components
» P Controller LFC Command
L+ Tupe,S for BESS
Low-pass Filter
LPF2
+ (LPF2)
Componers” LFC Command
Components > P Controller —p for FESS

U7 4.18 szuumuauaud anmelsnimdsnuhvundnulass

sruUiniunaInuedaLuanes wazszuuiniundsuyidedonunds

IUANTINIIAIUANAINAIAA (LFC command) Y8458 UUADRUMIRIMaYTEUY

o

2°

a

U dl o 1 o L Q‘I ¥ o L = dl ! ¥ |
LURLRDILTUU migwamm‘wummmaﬂWﬁwmzwaaﬁ;umawsamemaiﬁwmmmqizuﬂu

nIfdlAUdAINIIANINIgIY MTesunTeuvlunsalanufanind1uInsgIulagnse ue
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ToyayraudndsnisatuauaNiivanveslssliimdsiutazaiy azgnihlusiudueAds

o w d! o o v 6

mMasliihanisseumuguALdUsugil (Primary response control) 4 munNduRus
serinarmaalniriuanudvesssuulin ASendinisaiuaukuungy (Droop control)

Fazluamaalnivianueilssimdaiwiasnagsesinedigseuy

AMNTINVBINTUUIEIUNTYINNUYBINTAIVANANUD AT R NN TUULEN
¢ a a 1A a Yo ™
29AUTENOURIAMUDYRIA T8 LUNYBIANURTEUU d1unsauandldruandlusun 4.19
AMIUDIENYY (Comer frequency) FuludiundureeAAsina1ve99InseInudsdy
1 3 U ! a a ! A ! = <
auUangnesAlsEneuAuiuRIuYesALlswuuaud Wy 3 6iufe druianusives

AMURURIULSEAUAN SEaUUIUNANS UATTYAUES PNUEY

MSN Hydro
Power Plant

0 1 1 Frequency (rad/s)

TLPFL Tipr2
JUT 4.19 MIuUsgunIsinnuvesssuuininunaauuazyin

TuAN5IANITAIUEUNILYBIAIUD

del_F(Hz)

1

** fe from MSN1 Tau_MSN_LFC
(p.u.) [

Tau_BESS_LFC

Oe———

5U# 4.20 szvumuAuaNAlvasildlulusunsy DIgSILENT
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4.7 WUUI1AB95EUUAIUANNITUSURBUNaINan W vl sslndwd s uuasaingh

= a a 4
AnwrlusuIngnnus

a o ]

098 WAR N A8 NE1ULED1NAITAUAUNIUEY FIHANTENUAD

Y

a cl' d' [ 1 = o I 4 a [ a Y a
EDETAIMNIANNDTEUUINAN WinannansenufIna1edndusesiinisusus sunaanan
IWvelselufdindsnutasoingmssuunnAungsu Inendnustiausnisussau

n3uTessruUAnNund I uslindeguiidasszuusuamesdmsuilmnel lng

v v A v

1R ENANNITLENDIAUTENBUTIANDAA18AUTEUUAIUANAIND IR lURITa LA

WHUAINISWEnesAUsEnauANURUKIuYItdwan i sawandlade gun 4.21

< [ v

muualindlniivieenanlseluilindsnulaseniiediludygiurid wagldnasnses

AudgeiududuniiafiowsneeddusznaunuRuNIuNsIeonINdyy g slning

Tunudduinnnsildsuntasesrnudunaslusaz tanatvesiu dyarumaslai

1%
=1

Judwdsznauanuiuniugamsennudgeliasgnuaenisondnlagssuuiniunganu

Y

=

a ¥ o

a & ] & I3 a a
yiadonuidazuunnes ludunsuaaly azidunisuenienesnusenauiiniudawn
sonundummddlwihassuuiniiundsusindenuiddowawe Woannissuasun
VDILUNLNDI ﬁauaqﬁﬂizﬂauﬁmﬁaﬁLﬂuaﬂﬁﬂﬁzﬂa'ummﬁuwauﬁﬂ’;mﬁqwmﬂmﬂ%gﬂ
YAselA8sEUUANAUNSIUITALUALNDS NITHUIEIUAMUANSUR AT UNNAIINIINLA
) % 1 d' d' [ n:l' 1 < 1 d'
AMUAMILAIAITLIAITDINIINTBIANUDAMANILUIUN 4.22 agelsimuminAInsiiiam,
WALl AT VUL UAWMETLAE TEUUABAUMAMINSINULINTY Uagddamalivun

o v a

AnAsUBILUAMBIRAzABRUNaTivwIn gL lUAe

Power Output —l High Frequency
of Solar Power Plant 1 Components 1 Solar Smoothing

(PPV ) Command for BESS
14750,S + 1+7gy gessS
Low-pass Filter Low-pass Filter -

o __ Solar Smoothing
+ " Command for FESS

JUN 4.21 WNUNTMLAAINITHENBIAUTENBUANNRUN UL ION SUS U BUMaandn i

Yoals AN ULaIRTING AIETEULLUNABIIAETEUUGRRUAEY
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|
[

Tsm TsM _BESS

Frequency (rad/s)

JUN 4.22 nMsudsgrunisvinilunisuiueumasniinnndsnusaseing

YITEUUANLAUNAINULAAZ YT

High-Freq Components

U1ssT) & ppvLF . p_pvhHF 1/(1+sT) p_pvHF_BESS K yi2 1K idsm_BESS
p_pv 145 R 0 35 4
2 i Tau_Smooth
input ==>p_pv (p.u.) BY-BESS sgnPV SgnBESS
A ‘\- )_pVHF. | K yi3 1K idsm_FW
% 0 4
sgnPV sgnFw

JUN 4.23 szuumupumsusussumiamdnlnihanndsnusateniing

Fl4lulUsuns DIGSILENT
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AT L31E0NT0ATULNURITINYDITUUATUANNITYINNIUYBITEUUANNI UNE 19

LAaz A 1NSUNUINGITNUST TORNULHUAINAIUAT

i
ﬂﬁiﬂ’JUQuﬂ’Q’lﬂJﬂIﬂaﬂ Reference Power
P e e ~ of Primary control
[ \
| |
|- Frequency Low Frequency Kp ws + } | Reference power
| Deviation 1 Components Of MSN Hydro
| (Af) 1+ 70pr1S + LFC Command | Power Plant
| Low-pass Filter K for MSN Hydro | (Droop control)
| (LPF1) 1, MSN Power Plant |
I * I
I “ I
| Medium Frequency !
| 1 Components !
| » Kb gess }
| 1+ 7ipr2S LFC Command |
| Low-pass Filter P Controller for BESS !
| + (LPF2) [
I - !
| s !
| |
| High Frequency K |
C ts >
| [P IAEES LFC Command |
| for FESS |
\ P Controller )
__________________________________________ 7
s = o o/ a L a 4
n1sUsuRsumMAan v el selnihwasnunaseniing
R A VS E,. — DR N N\
| |
| |
| Power Output - High Frequency Solar Smoothing | v
of Solar Power Plant 1 Components 1 Command for BESS | Reference Power
1 (Pev) L+7g,s | + T+ 7q, gessS : © > ofBESS
| i
| Low-pass Filter Low-pass Filter __ |
| |
LySNRAtR Y] o
I 7 !
| |
| Solar Smoothing : v
| Command for FESS - Reference Power
\ U T\ > of FESS

P o [ =3 [ I a
gih/l 4.24 n15U52@1UNISYINUVDITLUUNALAUNSINULAAZYUA

dmsunsmivauANdivan waznisusussumawanliivedselnindinuiaceniing

4.8 N15IATITRAULHDUFNINAT MIUTSUURUALADS
TuaAdeTaziin1sAATILRANUEBNANINNNSITIULURNET 2 35 tawA N1sUsTUna
SOUNSITUVDILUALIDIA87D Equivalent Full Cycles (EFCs) (a5ungluiide 2.4) uay

n13linAlia Rainflow cycle counting Inatdayaaniusn1suseq (SOC) vathunwasta

1%
v v

NWUUIIABIBIMUALWETIWTITeN 4.4 unduteyaswulunisdiguuneunistudiiy

wialla Rainflow cycle counting @sluanenfnusivinnisitasigiaaglusunsy MATLAB i

JUNDUNITATLUIU éﬁ’mamiugﬂﬁ 4.25

dn5uiIn197M91uv99 Rainflow counting algorithm Faududunsudrdglunns
AATIERANULFONANNVDIMUALADT AxTdmATiAnN13TUTEULUY 3 3 (3-point cycle

counting) Nlaesuslutlesnuluiiten 2.4 uad uwidmsudeyaniinnuluiiueuseis

Y
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Yoya DOD Foulviiudnlunisduseu nandeiinisfiansun ¥ seun13viiau
UBNWLBAINAITUU 1 T9UNTITVINNIU ALERAINITYINIIUTDS Rainflow counting algorithm
1ugﬂ‘1’7i 1.26 uarnmsfismualinsfiansanseumsvinuadaas 3 0 (P, P, uaz Ps) lng
X =[Py - Py WAz Y = [P, - Py| Anduysalues X uag Y i %QﬂL’%amﬁummim%uwm

AUANN15AN8YTEY (DOD range 3o ADOD) tetiuseunisinuiiinduluusag ADOD

MATLAB

DIgSILENT
t soc SOCpess(0-1) - afradaya SOC
“ 8 Ssoc = 100*50Cgess
Ja3ya SOC ¢
asetaya DOD
Spop = 100 - Seoc

|
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!

|
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l
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|

|

\

|

|
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|

I

\
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‘ v v V) ¥
‘ dnfoya Spop Wiuteya
} NURNIIANF UM
|
|
|
|
\
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\
I
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!
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!
|
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!
|
!

(Peak-Valley time series ;S0
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Rainflow Counting Algorithm* }

(3-point counting technique) }

[
\
[
[
\
[
[
\
[
[
\
[
[
[
[
[
[
[
\
\
[
[
[
[
\
[
[
\
[
[
\
[
\
\
[

4
‘ﬁayja %DOD Range
(%ADOD) wag Cycle (N)

%ADOD | Cycle (N)

\ J

AUIUANULFOUENTNUD

Cycle-life Curve

Cycle (Nmad)

Y

wunLme3 (Lifetime Lost; LL)
\ NosapoD;

LL=%
i Nmax(%ADOD)i

WHUAIWIITINLUALAD S

|
I
|
|
I
|
|
|
|
|
| %ADOD
|
|
|
|
|
|
|
I
|
|

JUTN 4.25 Tunaun1sinsIEiauEean I nueaLunmes
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START

Set Z to the first reversal in
the history

[

) J

Read the next reversal

-l
-«

Count each remaining

Out of data?
range as % cycle

< 3 reversals?

NO

END

Form X and Y using
the 3 latest nondiscared
reversals Y:(1-2), X:(2-3)

1. Count Y as % cycle
w — 2. Discard the first reversal points of Y
3. Set Z to the second reversals of Y

1. Count Y as 1 cycle
2. Discard both points of Y

E‘Uﬁ 4.26 Rainflow counting algorithm [17]

aunsdriumsAnaadEeNan iYL UnmeIvioNsandsatensy
NUVBIMUALALT (Lifetime Lost; LL) uansluaunisi (4.3) #asiuv09n15191u9us8unIs
MUIAATUMSeTUILTeUgEalulaag ADOD B9491UIUTOUEIEAYDILUALADIHIAN

WHUNNI9RSTInvRLUmes (Cycle-life curve) dnlasusnanuigngnin

N,
Lifetime Lost (LL) = > —=2>2 (4.3)

! MaXy, ApoD;
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TUAIUTD N UNINIATTINVBILUALAES (Cycle-life curve) lngviluazgnimunlay

THununIn Woehler 3auaninnuduiussznineguiusougean (N, lunsiauves

wuaLaslUIuAuDIgTunNLAaz AINISWANLKUAIAINANTBIN15A8USEY (ADOD) Las

v v

WARIILIUTOUAIAALALUTEUIUVDILUAMBITISENIT Equivalent Full Cycles viatiidulas

4 2 Negneluununmn Woehler aggnilulditeuszdivengnisldauveiuninaisaly

10°¢
%
£
£
(%]
Q 5
KT
g :
(@)
G
o
9]
3 10
£
>
=

10°

—— Cycles
—— Equivalent Full Cycles

ADOD(%)

JUT 4.27 WHUNM9RTTInvaluanes (Cycle-life curve) MlEluauine inusi

ANNSULKUNINIIITINUBILUMLA DI N LT LU1LIT8Y 91999970 [18] AF1UIUTBU

gegnUszanal 3,500 58U N3eEay 80 vasANuANMIANYTEY Aansluun 4.28

10’ E

Number of Cycles (N,

10’

106 E
105 E

10"

-1.483 4

N, = 2498.1%(ADOD)
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