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Improving Frequency Control Performance by Energy Storage Utilization

for Integration of Intermittent Renewable Energy Sources to Power Systems

ABSTRACT: In recent years, the introduction of Renewable Energy Sources (RES) such as PhotoVoltaic
power generation (PV) and Wind Power generation (WP) is being promoted with the background of global
environmental problems and energy problems. PV and WP are called as “Intermittency” RES (IRES) since
its output fluctuates uncertainly depending on solar radiation and wind speed. In order to supply stable
power to load demands, frequency of electricity is kept constant by controlling outputs of generation power
plants such as thermal power plants so as to follow the load demand. The output control is called as
frequency control and operated by Transmission System Operator (TSO). To keep supply-demand balance
in IRES-penetrated power system, the thermal power plants need to supply power to residual load which
is difference between load demand and IRES output. However, the thermal power plant cannot absorb
the fluctuation of the residual load completely since the outputs of thermal power plant are delayed from
the control signal and the change rate of the output is constrained for the protection of the turbine and
the boiler.

One of the effective solution for the problem is battery utilization. Since the battery can response
quickly to the control signal, the battery can absorb the fluctuation which cannot be responded by thermal
power plant. The Filter-Based LFC (FBLFC) is a representative battery utilization method. The method
makes the battery contribute to improve the performance of Load Frequency Control (LFC), which is a
part of frequency control and has a role of absorbing the short-period residual load fluctuation. In this
paper, short-period fluctuation means fluctuation whose fluctuating period is less than 20 minute. In the
conventional method, estimated short-period residual load fluctuation is divided to the fluctuation with
period of 10 minutes or less and the others. The former component is called as short (M) fluctuation, and
the latter component is called as short (L) fluctuation. The short (M) fluctuation is used as a control signal
for battery and the short (L) fluctuation is used for the thermal power plant. Since the battery absorb the
short (M) fluctuation which is difficult to absorb for the thermal power plant, LFC performance is
expected to be improved. However, the author pointed out a disadvantage of the conventional method
through analysis of output characteristic of the thermal power plant. It is that the change rate constraint
of the output prevents the thermal power plant from absorb a part of the short (L) fluctuation. In other
words, the battery does not absorb completely the residual load fluctuation which cannot be absorbed by
the thermal power plant.

Then, this paper proposed the Battery-Assisted LFC (BALFC) as a novel battery utilization method.
The BALFC drives battery to absorb components of the residual load fluctuation exceeding the maximum
output change rate of the thermal power plant. The BALFC does not need parameter tuning since there
are not any variable parameters while the conventional method needs to adjust time constant of the filter
to obtain good performance. In order to evaluate the validity of the BALFC, a time domain simulation
was carried out by using the model assuming the power system in Tohoku area in Japan with high

penetration of the wind power generation. As a result, it is clarified that the BALFC can reduce the



maximum value of frequency fluctuation by 6.5% and reduce the amount of charge-discharge loss by
78.5% compared with the conventional method. The result is an important achievement showing that the
BALFC is highly efficient method.

In addition, eigenvalue analysis was carried out to investigate whether the introduction of the BALFC
deteriorate asymptotic stability of the frequency control system. However, it is impossible to calculate
eigenvalue of BALFC-applied system directly because the BALFC is based on the nonlinear component
of the change rate constraint. In order to linearize the BALFC-introduced system, describing function
method is applied. As a result of the eigenvalue analysis, the asymptotic stability of the system was rather
improved by the introduction of the BALFC.

In order to evaluate the validity of the BALFC from another aspect, the author carried out the
calculation of battery kW capacity and kWh capacity required to keep the frequency within the target
range. The required capacity is calculated in 4 cases in which the amount of wind power generation is
changed from 14% to 23% by 3% of the system capacity. The result shows that required kW and kWh
capacity in the BALFC was small regardless of the amount of wind power generation compared with the
conventional method. In order to clarify the reason why the required capacity of the battery can be
reduced by using the BALFC, the result of time domain simulation is analyzed. As a result, in the
conventional method, the phase delay caused by the filter deteriorates the load following capability of the
thermal power plant, and so large capacity battery is needed to compensate the deterioration. This result
shows the validity of the simple configuration of the BALFC which does not include the filter.

And at last, the author changed the structure of the BALFC so as to contribute to absorb long-period
components of the residual load fluctuation with the period of 20 minutes or more. In the current power
system, the long-period fluctuation is absorbed by Economic Dispatching Control (EDC) which is a part
of frequency control. The output signal of the thermal power plant controlled by LFC and EDC is given
as a summation of control signals from both controls. Since the output change rate constraint of the
thermal power plant is taken into consideration separately in LFC and EDC, there is possibility that the
output signal exceeds the maximum change rate of thermal power plant. Therefore, the author extended
BALFC so that the battery compensates for excess component of change rate constraint included in the
output signal. This expansion is based on the change rate constraint, and so it is difficult to apply to the
conventional method. The result of time domain simulation for the validity evaluation shows that
frequency fluctuation with the period of 20 minutes or more can be suppressed by using the extended
BALFC without reducing contribution to LFC performance.

In summary, this paper proposed novel battery utilization method for maintaining frequency stability
in power system integrated with large amount of the IRESs, and indicated the validity of the method in
various consideration. All of achievements obtained in this research contributes to promote the
introduction of the IRESs and to develop the advanced control system for the future power system in

which the IRESs are main power sources.
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PHWEE A~ OHIEE 5 % E & KSTEREA~OFEE S L4252 & T LFC ©
JE RN RE S 2 1) LS D FIERDH D,

ARBETIX K ERO M DL FENICE L L D EGEERIR D2 &
S THERIE TR ITERITELy SN DA 10 2RRELL EOZEENZ G K FIEPH
WAL CX 72V D38 D 2 & BB LIS L RERIE T+ kK IERO )
PR IIOR R EME TE RN L &R L T D,

#3 mTIE T LWEEIEH FIEE L CURBELHICE EN D K)ERO M
TIZEA R FE I BR 2 R 5~ B plor & L B BRI & 5 Z & ¢ LFC Ohem E
#X %5y T U —7 % M LFC(Battery-Assisted LFC, BALFC) &\ 9 i
EERRFE L TS, BALFC OREIL IERED K 57 o v 2 2 NIz 1)
AR EEHIBR & O IERB LR 2 FIH L TR IR & 35 i o il 8 43 80 2 P D
TWHRIZHD, ZOX ) G 752 & CoEEMPKNERTITRINTE
IRNVTFREEE A 2 AR E S RINTE 5,

BALFC DA WEZ G 3 2 7212 B )R EINE A S L7 R AL o 58 5%
e 2 A5t LT 7 b 2 -V TR RIS 2 = L— 3 3 24TV BALFC 130Ek
B AR 2 W TR TR W R BB IR 2155 Z LR TELFIETH
HEEZHHNZL TS,

F72.BALFC DEAIZ X2 ABEGIE S 2T DO DAL, & AT LD
W 22 8 R\ e 5 2 TR D A R 2 T2 I B A BRI X D e
A2 320 LT %, BALFC 13, IERIBELER Th 2 H T 2R EE I RIZEES 0
TFETHLID HEBEAMEZRD D Z EIXTERW, & 2 C Rtk L%
AW TERIERIZ T BEAEEZ R L b, ZORR L Y BALFC OEAIC
Ko T RT AOWHELEM® T LA E L ALEE S EE 3 aretklx
TN EWns Z 2L LTS,
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% 4 ETIL.BALFC & HERIEICB LT, AR A E) 2 B AR NIZIND 5 7o
DIZ LB ZBMO kW &L kWh A &4 FFEEES I 2 L—3 3 V2 v
THEL TV, FTEREOFEICY - - UL RRA BT 2 E 1 EDE
ABEDEIEN 14%025 23% F T 3%ZAN A THML TV 4 5 —AZ2f8E L TE
D REDOREER B EOEANEIEK LT BALFC #HW5 Z & TREKIELY
bt 72y kW & kWh 2 &8 0O il TR E) 2 ARG Hivd
ZEEHBLEMNILTWD,

F72.BALFC Z#H\\ 5% Z & THBMOPTEA 82 T & 28 H 2 IS
LI RIS R 2 b—a VORERE ST L IERIETIE. 7 4 & T
A C DA D K ITEIROAMHBIERE ) 2R T 248 & L E 2 % DHe /1K
ToEMETLDICHERENEMT2FHE2HLNCLTND,

%5 5 B CIL.BALFC % JERTFEICE EN 2 EH 20 55 &8 2 5 BRI BRL
STOPINCHEHEBRTE D X9 RFIEICIEL TWDH, ORI OFTELH K
Oy IRBLIR B IRGE O R IEE B R L CH O & R D R AL Sy
(Economic Dispatching Control, EDC)IZ & » THIX &L T\ 5, LFC & EDC
DS OFIER LR L 72> TV B BIR TIL.LFC 5518 & EDC 55l O FIAs ek
H72 TR AE & 72 2, IR O M) ZALEHE KX 7Ek . LFC & EDC % TH
EINTWDHTEO 26 DM TH L H DIESED IR A i 2 "l aErE2 &
S 70, 2T R 2 RSB B A D A B IR o0 B Bk 4y % 5 i
BT 5 & 912 BALFC OyRiEE1T - 72,

RERIEIE S X = L— 3 3 T K D AR O RS BT 20 43 LA T O & 4k
EEINHIRE N bS5 2 LS JAHR 20 29 K0 b RWEBOJE AT
FIHCELZ L EALMICL TN,

e ETIMm CTHD.
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¥2F BAZHEFRMERBEN A TLOERRE
21 FAMNE

BARMTIL R a2 L AT T 2B NITFEICEROBH N ZBIEIEDLHE
KRN & o TR T 2 MERR U [R5 B 0 S5 0 72 [R5 8 A (LA T L R
JERE & WE5) & — B Rk > TV D, AETITE T, Z OFMAEE O IZD
WCHT 5. 2 L TR BB L Vo IR AREFRICER T 5 AR
EEEROGAN  FaflE A ERO AR I AR ZErIciElL T
Hx ORIEZ G S Z LG5 F LM 5, RIS ANIFETHRY B 5 BWEIC
%4 D HERDFERITHRIZ OV THEN L, Z ORISR 2R~ 5,

¥ ARFELE TIX KRG L FE % PV(Photovoltaic Generation), JE /% & %

WP(Wind Power Generation) & #5952 & 129 5,
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BARMIIZRBIEERN ZHEER SN TS, 2 TOREMNFH LT
IR L TWD ETHIE. CNOIFFHMAR 1 BOREKRE LTAHARTIENTE D,
Z OEmREEM OB T RERAUIRATREN D,

ZM"%’QZ PR TCEPWHO (2—29)

L

AP IRTFUIERZ X T 55 Th 5. ARL Y FEEEORGEERECLT.,
SRACSEILEL & WP ST AFE B OB ) DFFn & R ) DRI DY B %
B2 ZETEEICHERFSND, RER TRESNIENIK2-21T7T L9
ICERLER Y Y —7 Zll> THREFOESXHR ETELND, 2D L & &l
BARICE END|PULDITED ¥V a— VRPN EL D7D R TOHRERE
NETRERIIBT D Z LT TERD, 22 T Poss N H/hSWERET D &

A B ORTIP, 25 L < 72 0 @39k D 31,
daf(t
SO N e - (2-3)

dt

ALY ETEP, ORI B OTEIRATI P, D2 1B SE 5 2 L TR

B — B TE D 2 &R0, U ERFER AT R LJHABEEORRT
&

¥

Input Power
(Mechanical)

2P

S —

Output Power
(Electrical)

P

Load Power

PL

Transmission
Network

Turbine
(Equivalent)

3

( Generator
(Equivalent)

L

Transmission Loss
Frequency

I:)LOSS

2—2. EEENOLTFEE TOEDRN
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L. Z—E VOB EZHBSBENH 5. IRICTFEIZ OV T RG22 E
NOREZREST HNRNTA—FTHDHID, ZUWNEET 5 Z LITENE
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O EN ARG T D720 HEERESZTH. MV IR LIS D0, FERRIC.E
B 2 0 3 D HHE PE 2R I W OB SR E R I & 0.4 (%l BRI IR L
T THREICATNAELD Z ERRESNTNDHIE 20 0.4 [%] 0 JEH#
ZEEE, — 72 B R D E ) — FEEERE(S [%MW/%Hz] 61595 & |
T LB NR 2 [N T LT TELL2ETHTH D, UL EL Y FELEEDONT

]

AR Lo TR R L —EEICHERFT 5 2 L ITEE AT A Az
RIS 5 LTl THETHL LFR D,
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(a) FRIERGEDRTE

TR EHEHE T E T VR OFTEPRICE S W TR OFHEARE S 2.
REIT & 41 2 B EHE Tl IR O REHE GEEN B L > TR DM 2 R
~ D /MES HIIBIE L L TRRIE S 415 . BRI SR EIR O H I B3 2 il
BRR | JE I H A8 C o B A e DR IR BRI 72 ENEIE S D, FHE O REIS
RSN DTBETRNL.E ARG T2 B AT -S < IZEIL T TREE A3 7-
A MR Z UCHTE & BEEENCE > TRHE OB IES KO T O,
B H 70 FE A BB 23 HOE ST B4l

ARG SC T AR A AR 2 B TR Y R E LTI TE A E A
BRCRESNTWD Z LAl E LIERET 21T 9 2 ke EHF IS0
TOREMARBRAITEZESLZ L 35,

(b) FBI i $4 )

JE AR TIE ., FRAGE A EHE TN T S B ) O FHEifE & EEROFH
DEAEDPFE S D KO CERO M ) AT 2, ARHEITEE O HIEERED &
72 DS BRI 7R HIE S AT A ThH H 06, (X 2—4 (THIEEERS O & T T ol
oA R HPOEBRIITEDONT — 2T MLERL TN D, BRI E)
JABIToH 5, TWEZFIRT L O IC, REBOEIEIERE NI L5 >T

W5, ZBENEMDN R EOZEEIATS o THRE L PRITE 5720, fFiaE
MFHEIZ K> TRINE N D, BERBHIE 2 Z TR OTEEAEFTIZN LD bEN
D ETRL Sy T D, AfwSCCIIHAEICFHEO LT H IR 2 5Lk 23855
ToD, I CHREMOATEERT D, £T . FEHLLT. 20 A LoH
S S JEI IR & PSR JEIIREI oD R AR B I, AR AU AL 0 il (Economic
Dispatching Control, EDCOIZ & > TN X415, &I, 10 50LL E 20 0L F oD
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fiE & (L) B, By P 10 23 AT o s lcA R (M) BER & 5, Zh
S OEBMOTFEEIITE S b b A A B E 1 (Load Frequency Control, LFC)
(&> TR S D, Tt IO K0 Sz mE Q)i s Lz, 2
DREIROTFEIEE (X N F 7 U —idiii(Governor Free, GF)CH i D J& i B R e
IZE o THIN S D,

2— 5 ZIE, I EIE > AT L OMIEZ R U e, e bRV A OFELAE) %
WIS %5 GF 1L BN TITON 20 RHEHTH Y T LD bRV
WOFEEEZH S LFC OF LU EDC IIARFEMEIZ L - TIThI D HEHH
IR TH 5, LLUNICH R DR 218~ 5,

W73 )7 U —i@Efi(Governor Free : GF)

[FEIRER L FFORET 7 FOZ X, #F—E o ~D AT & — R 21k
SH D ENTE D AT EHER) M AT 5N TS, T AT IR EEOE
HRJE I 2 5T L, TR & e b Ko lcx— o AT 5, B
NFZfRe<BESEDLZ &b, AT T U —i8iig L TN S, FEEREEANL
THDOIND Z & HIBEENOFEN 2 < HIGHEICEN D 72, 558 B (S) feik
DFFBEEERIN 2 > TS, T3 F TRy 722 TR RE L Rz 77z
D, KRB OZE) &2 NI T HRESIIR Y,

W & faf B 3 40 i1 (Load Frequency Control : LFC)

RILONRE R THM SN D FHN LRI L 0 | R EEROFTAGA 3T
ZaHEE L, TNBRESND KO IZBROM N EZFEL TWD, H3T LR
D KIJEIRTHIVUTREHR BEOK DR, KAER THIITKOTTEZEE L
THAZTEST 2720, HINECT D F CTHEBIREE R 2200, E7o, i
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HTHDHZ ENDBEROWEICRH D205, ZALOBHENE GF LV bIS
i< FERWMEB LW FEROFEEERINZH > TN D,

W75 A far i 49 ) il (Economic Dispatching Control : EDC)
JE A A2 = & U CH O K EIROBEBHE T NITIRIET 5, 207, 75
S R O BB TIXEIR ORIV N /N & 72 D KOO IR O H J1Ed 4y 23 Tk

\‘\

ESNTWD, LaL, EBEOEHTIX, EHROHE L LFC 1T X > Thx %%
BT DT, Bk R B BB TV B dH 5, EDCIE, H)
fil oy % BefR i OIRAEICIR L H LT 2l CH L, FEARMIZ, LFC BN % EE
L7ctlz, TDZ % EDC TRZIFFFOZ L1272 5720, REABEROR
HEWIN L TWDHZEEEMTH D,

Power Spectrum
of Load Demand

N

Frequency
Control

Operational
Scheduling
Load : LFC y EDC y
Characteristic \“ GF ““‘ ““‘ ‘.“‘ _ Fluctuation
2-3min  10min  20min 1-2h Cycle
L AN PN AN J
~ NG v v
EREAS) EEBM EREEL REH
L y,
v
b eI

X 2—4. JEREHIE S 2T LB A HE S
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T |Iii|k~§l&f1 Py -
APgry . F Load

o _ o :
= @ v . : ’ i | Transmission }»
I TR

P, | Network

Output Signals Predicted
e Load

AT : Frequency

LFC

Transmission System Operator
(TSO)

X 2—5. JEREHIGE S AT L OBEE

23 BRBRELEHITT DOICHERT NERE

VAR AR HED HILTWD PV.WP OIFIFEE T R EASICE T 5 0, &
WO T THELELIRRNBENEZ M5 X OICHEIF S TWD 2o, FiailE
ICBWTHEHR AT U ADOHEFHCEBRS TS Z N TE RN, TR E 250 i
HADS  FREOEEMZ TPV WP O NEB S WINL L2 TER 672725
7o kI, AKIPFEEOBAITIERT 5. I PV, WP OB AENRHR L TWT
X BRI IEBEFEBIR O BE D LT EE 2 b5 700, FafafiliE HE
TR OMERDNE 22 0 | AR EMEDME N 28003 H 5. AEH TIiL. PV, WP
PR EITH R SNTERFIC BN T, JERE L EME A MRS D 72 DI fif
NERET T,
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231 KBk - AAEZBEOFAEOSVEHRERHBEORE

TkeE A FE T, P S AT ISR L LB O AR E TR K
INCBRDOEN NS = ZRET 5. PV.WP NEASNTERITIBN T IRK
R PV.WP ZiE 9 2120k, FETPRNS PV, WP O PRI 1% 72 LI To5%
D OFELLT ERTFE LMK L CEFEOER Y — v 2 RET T L0,

Bl L TPV RBEAISNIZE SRR EEZ XD, TFETHE PV I TRINGHE
HENDERTEEOTHOA A=V &K 2—6 127 Lz, AL B OFET
PR OPVIHATFHZRLTEY . 2 b0ESE LTHEIND O FEK(D) O
FRRTEETH L. PV L P BIZIEZFEM@IZR L2 L 9 Cilie b o 1 &
72572 BARTFEITFRROICRT X ICRBICKRE KT T2, ZDERFE
(ZRF L CRRAMIERGIR 2 SRE L & 5 &2 & B D KT KI)EROBE G
ERERB S TR B 25720  RREMEOIK T, JE 3 EHIEH O
TR B ORI L R D RN & 5, £ DYE ., BURTIE PV & —HRH )
SUIVEEL. KT, KBROBEAZENS 2 LENH 5. AREBEROF]
D @ EHFHE 2 R E T 21213 kT, KIJEIRDBD 72 IRE T b ZE 721

HANTZDE IR TFEEBR L2 TULR B2,

——Load Demand (Predicted) = ee==. Load Demand (Predicted)
Residual Load (Predicted)

Photovoltaic(Predicted)

\_/\_’_\—\

] )
8 8
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23
Time [h] Time [h]
(a) HETPHIB L O PV M (b)) FEARFEE O THME

X 2—6. KELHEEEARSICE T DIRRTFE
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232 KBk - RAXBEOHAFABEERLICESZEFERERIRX FOER
PV.WP O FPRENIEFE TR EF U< FRREENE D720 8 AN
T H AL TRRZ DRI 2 5 A O AT KRT 5 E2x b5, 2 2
TH PV 2B & » CRIERZ RS 2—7121%, HFOEHIZIBWT PV O
NTPRDO FRFRZEPFRRTERICE R 5B 52 R LT 5, RK@IZTT L DI,
PG & LCTHEIL7Z PV AR RBEORBEIZ L BREICAET G625 2
5, 2D EE FRAFEIIFMOO LI ICTRIED BRI ERDLZ L2725,
EDTO AN FIZTESINTWEEROES G L IXHN EA 2RO 50
BERH D, LN LS EROEE TR HEHVH D TH 40 3R E 7)) Y 3510361
ZD%OH I EFIC BRI 0D 722, 2D X 9 78RR T RIRRED R4
2% U THTHE/NT o A B HERF LBET D 2 & 13 L, FRHIRRE O TR 2 HE N &
52 LT, THRREDHEIZIFEE ThH D2 FHEEIRIZ S 2 X RN 720,
AEFETHD UL ELD PV, WP O TRIOKEER LIZEZELRRETH S,

Load bemand ~ ececaa. Load Demand

----- Photovoltaic(Predicted) -=-=---Residual Load (Predicted)
Residual Load

Photovoltaic

9]
< 2
g &
&
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23
Time [h] Time [h]
(a) FEBLOPVH (b)FERT

2—17. KBDEREEBEOH N TRIOBRAEIC L D RAFTEDOLEAL
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232 Kk - RARELENOERAHEERINC L B RBLEIL

PV, WP OHAICIE, K 2—7 1R L & 9 B EE S L0t h
PLE)DOZEE 72T CTiEa< | ERAYEROLE b EEN T\ 5, HRELHERD
HREDSHERTIULBRTFEICE SN EEMASNK Y IR T 5720 FK
HHEHOPFERELZ LV Z <R LR TERLR< 5, L L, BAREH)

IR U BEAE BRI & E o o 7o R R OB 58 M Tl B A & OMElRIX
B 5 TR, Elo K KBRS B 252 T B> T b 2NBET 5

(CRFHIBND B 5D 2 &0 HRFH TR SE D Z &3 TE 5 H I DBE i
R TNDZ LR Ens FEABOWREEEZ RIS 2RE1T T4 m< 72
W UL LY PV, WP OB S RIE FRAR 75 2L 00 Je Ja] 28 8 2 M Ok S JA i
B EMZE LK TSEL-NDH 5,

O JE BRI DO FFEAEN T X 2—4 1R T X 9 IThkAx REAMZEE OGRTH D,
REAF TR O ) FRBEERE ) O A2 & B 92 72 DI IE AR TR IR 23 IR T & 7220
EE 2 L PMICHIET 52 2 EPEETHH, £ 2 TUERORHMEL X
EEOREFTAVRE L 0 | BEAF IR T O WIS K 5 70 75 EA B B 7 O 5 1]
DHEIPZ FET D,

JEREEHIA 2 £ & U CHL S KT EIRO AR 20 XX 2—8 IR TET LT
KBS 25 BT, BIRO 272 KT AR OIS (L& b 5 720
ARSI R U CE LR ERIRAF T b Tnd, Fl 8B EBLOT 1y 7
ITIRBIAEI R RIERZ L CH — B ERBBECA L DR ENE £ L TH
BHLzbOTHY  —PEBNEFR L T2 R R R THPIERI T 5,
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Ramp Rate Generation
Limit Plant
1 _
OL-JtDUt > > e | B Output
Signal 1+sT

2—8. KkITEIFEOELLE T LIBT

JREBIVE, —IRBNER A E e 2 & b FLE I EI O 55 AT O WL A

FT2HEFETHLZEIIALNTH D, —F AL ERIRIL FEAEOZ1 b
HEDHIBRAE 28 L Ty it S iEEZ 2o ML BB T 58
DHFETMENHIR SN D IEMIE R BEBR TH L2, ORI — BN ERIZ
EHHITIE e < & DI O T EAEB OWI 2 1515 2 23 b 2 Tldlan,
Z ZC.HREB IO PV.WP 1) OEB)OFEGHRIZRFEMED 6 | 128 (b B il R
12 & o TR N EELZ 7 D TR BB ALy & 04T L7c, LR Iz OFER A Rk~
5o FTVEEOLEI L TFTORQ—DITRT/NT =AY MVEEOKTES
WD REEEREEZ AT 5 2 ERHFHT —Z DaTIc Lo TH LI TV D
[38]O
S(w) = % 2—4)

Z T,

S(w) : BMEED/RT — 2T R OVEFE[MW? - 5]

A RIS

w : A rad/s]
TH D, ORI n IO TIE 1205 2 DO E &0 | EERR D IE EEE
W/INS VR L 72 5 M 2—9 1C SCHRIBSINC RE#l S AL 7= FE 7 — & OFeE & 7R T,
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ENT RQ—DITR LA EF O T — 22T R VBEEEN D 4 E R4
DI REACHEE DB 2R A5, AW A ORERIT — % Zx(t) & THUT. D
7 — U 22X ()32 —5) THA b HBI, = Z T TRT -7 R TH 5,

T
X(w) =f x(t) e /@tdt (2—5)
0

RT — AR NIVEES(w) & 7 — ) 2E#HX (o) DBRIIRQC—-6)TEEIND -
D RQ—D)EXEIEDL LTI 2B (0)ERQ—TD L HITkdDD

ENTE D,
S(w) =M (2—6)
X(w) = jg — VTAw 2 2—7)

T AT E EN DA w2z R HOET R 2 XIS L7 & & ORIE
ZC()ETHE, C(E7— U =EHX () DMWENHHER—8)D L H Tk D
ZENTED,

C(w) = ;IX(w)l = 2\/%(»‘3 (2—8)

F7o. AR, IRIEC(0) DIELEE O i RZEAVEER (w)1d BRI D5 B O
RKRETH D=0, AR ERIEOHEoC(w) L7225, Lei>T R@2—-8)T
ROTZREC()ICwZ T 2 2 & T 8wz FF O BB RS O i REAVIE
R)xaRQ—9DLHIKRDDHZ LN TED,

R(w) = wC(w) = 2\/%0)}22 (2—9)

FRUL7ZZwEY KQ—DFDOn X 12020 20MOEK LD, 22T, nld 1

E2EMRALIERFEOC()B LR EFEAEL, TR 2 RT, T I1XH 47—
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IBIFHC(WBEIVPRw)DXERQC—1005RQ—13)ITRT, 7. &4

YD 7T 7 %X 2—10 1ZRx LT,

(n=1) C(w) = 2\/% (,o_% (2—10)
<
R(w) = zjgw% (2—11)
L T
g A
(n=2) C(w) = 2\/; w1 (2_12)
<

. R(w) = 2\/%0)0 (2—13)
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b EE I BRIZ LR U CERIR T ORI AN N EELZ 72 D O V3B 8 1 D 75 B A B R )
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Rtz A4 5L 525, . n=2 DHEITM 2—-10(d) £V  FEEEHICE LN
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Plant Type Rated Capacity
Gl Thermal (Oil/LNG, Steam) 3500 [MW]

G2 Thermal (Coal, Steam) 2700 [MW]

G3 Thermal (LNG, Combined) 3300 [MW]

GC Nuclear Power 6000 [MW]

WP Wind Power 1800 [MW]

# 3—2. LFC A & L O 2L D% E 1)

Plant Reserve Capacity [MW] Generation Rate [MW/min]
Gl = 925 + 473
G2 + 475 + 243
G3 + 1450 + 743

Battery = 40.0 + 240.0
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# 3—3. EF 8T A — xlelle]

System Frequency fo 50.0 [Hz]
Inertia Constant * M 9.06 [sec- puMW /puHz]
Load Damping Constant ** D 2.00 [puMW/puHz]
LFC Coefficient Kipcq1 | 0.30
(Generation Rate Ratio) Kirc, 10.20
Kires | 0.50
EDC Coefficient Kgpe: | 0.37
(Capacity Ratio) Kgpe, | 0.28
Kgpes | 0.35
Integral Gain K; 0.01 [1/s]
System Constant * Ky 7.0 [puMW/puHz]
Battery Time Constant Tgr 5.0 [sec]

KT AT N — A,k * KRR R i A~ — A
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Time domain simulation

The power capacity is updated
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Time domain simulation
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Determine a required energy capacity

W™ g <= max{We; ()] - min[We; (t)]

W (t): Stored energy at time =t
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A LTz, REI T, FIEOILERT# TOMREZAL & fifHT 3 2 72 DI HRIRAT O /N
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531 FHMBERETIL
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Battery

Steam PMAX 20[MW
Fo | G o
Egc | (Coa
Units | Combined
(LNG)
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= 5—1.55JF /N F X — & [16ll47]

Plant Ramp Rate Limit LFC Reserve EDC Range
[MW/min] [MW] (min./max.)[MW]
G1 +5.25 +30.8 700/3500
G2 +2.70 +15.8 810/2700
G3 +8.25 +48.4 1320/3300
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% 5—6 121X EDC 7 V&R Lic, RET /U SURIBTI A S B2 L TR L
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& BBRASOESELZRET L2702y 7 D250 52 ENTE D,

ETHIE LM 5. EDC B3 KR LT 5 AMEBN SO O b REAMI /A
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DB TZDORREZ M L TV D, THIRHEEITRTEE L FMANRIEHRTH L E
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TELOOTANZEZFEHIELZETREL TS, RFEORD D IZER
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OHTOTHD, £, THRREIC T 4 VE ZEH S E 25 DIX. EDC B EAE
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72 EDC {5 SN FTFEITBMET 5 & . LFC ORAHEN—EED U filE 560 2 #E
FIo2Z2&nTxs, 2 EDC OZEEHO—DTH D,

e\ C L EDC 55O X R EBIR~DOE 53 DWW THB T 5, EDC 13 A A @)
DRIy 22 W D KB OIS EBIROEMN = 2 F SR/ L2 D KO IZE
O DEL %2 U T2 A KCHHET DLV EEBH - TWD, ZD % EDC
K REBEIRRIRA~DI TS gpe DEBIR~DE /31T UL T OXG-1D 05 (5—-12)
R LTe BB Z < 2 & TRE S s, RG—DIEARMED BB TH
D BEREOREIE ORfAZ R LTS, 2 2T, Sppe [ EBFEIR~DIEHE A &
LTWa, AR S g K912 K BIROEH 13 Sgpc ;D 2 REEE T4
5 Z LN TE HBA RET N THO-EEBIROREIE B A X 57 (2777182,

AREEOHRIEME 3 250 1 DBIERG-DITRTELNT AHRNTH
%, ZAUXKEFICEL Y SN D ESHEORTIN 2R ~DRESEIZ—EHT 5 &
DEAMM TH L. 2 DHITHIAY FHIFITH L, 2L BEFRE~DOHESHE
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7V 2 T E TICEIE R REIC R D X O I T 2720 DOARFEAHIK & 72 o T
WD,
VLB IS W B T MCET 20 TH 5, 2k il N7 A — 2 FiTx

52 Z/x LTz,

- HAIBEE - MR R A IME

minimize z a; + biSgpc i (t) + ¢;Sepc i (t)? (5—1)

l

A L1 ST L A
Seoc(®) = ) Seoc.(1) (5-9)
A2 ¢ S R
Pepci < Sgpc i(8) < Prpci (5—3)

IR 3 1 H A R Y

RiAT < Sgpc.i(t) = Sgoc.i(t — AT) < RAT (5—4)
Sepc i(t) : EDC xt & EJR#i O H 15 [MWI]
Pepc.i »Pepc. D EPR# O] ERREOVFRR [MW]
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Pred,i\ction Total Output
P i i PG_SUM
APM : Prediction error
1
1+ 57,
APCOF: Correction signal SEDCJ‘
A + Hold Seoe | Epc signal [ >
P A ——
L_Alppe + j_;) (ATc) | + Allocation >
Prediction L ATy, cor
After A7, Corrected P
.y GC
prediction

5—6. EDC &7 /L7

#* 5—2. il T A — el
System Frequency fo 50.0 [Hz]
Inertia Constant * M 9.06 [sec- puMW /puHz]
Load Damping Constant * D 1.29 [puMW/puHz]
LFC Coefficient Kipc1 0.32
(Generation Rate Ratio) K e 0.17
K res 0.51
Integral Gain K; 0.02 [1/s]
System Constant * Kg 0.036 [puMW/Hz]
Control Cycle of LFC AT g 5.0 [sec]
Control Cycle of EDC ATepc 300.0 [sec]
SOC Control Gain Ksoc 40 [MW/MWh]
#G1(LNG) ®G2(COAL) A G3(GTCC)
1.00E+09
—_ 66
$ 7.50E+08 of
= o228
8 500408 ,\A"“:ﬂ
S 2.50£+08 A,\33330°..
0.00E+00 IV\I\(\I_\/V)/V\OOQOQ"
0 500 1000 1500 2000 2500 3000 3500
Output [MW]
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AREOMFTIL Ny 7T V=T v A MULFC OIR8RZAT 5 Z & 12 X 2 JEHE
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¥ a2 b—r g UM 14400(s](=4[h])

VR a b—v g VU B 0.1(s]
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5—8 (g, TRIT —Z 1L HALE (R DA — L= VBITRAR S 41T
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RE T — A
ARFETTIE ANy T U —7 A MU LFC OIERZET 5 Z LI X 5L E
EREI DM FR A ONIT L2 E A HMICL TS, ZDD I a2 b—
> a NI D 37— ATIT 9,
(1) [w/o Battery] : FEMZHEH L7220
(2) [OLD] : @D N7V —7 2 NI LFC % ff H
(3) [INEW] : #K8N > 7V —7 22 MU LFC %4

RBOEFEONRyT V=T A MILFC X E 3= . F4EZTHW-HBELE
BRLTHY . LFC & EDC Z[RAFFCEmT HEIR CTh > TH LFC OfHED A
ZHWTEBMOFRMER ST EZRETHHDTHD,
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Slij ::ZI MWBU Rate Limit
& P ' Main Steam
P Mw Steam Pressure Set
MW Generation Lag

1 Qin P
1+5sT, Q
Frequency Bias
APy Boiler Dynamics
+
] Lv)f T A0+ | PR
1+5sT,
Pressure Control
APR x* 1
— | 1+5sT
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Pm
+
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+
APR
Load + 1
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requenc!

aueney 1 1 1 CV s 1 1 v . Qv
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T, ovL
Control Valve

Al. K17 hETIV

APy PRrer [pul
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FHAl. BT T FETILODIIRT A—XH

Turbine-Governor!46l

Governor Gain K 0.25 [puMW/Hz]
Speed Relay Time Constant T, 0.20 [sec]

CV Time Constant T, 0.25 [sec]

CV Rate Upper limit 1/T; 0.20 [1/sec]

HP Turbine Time Constant T, 0.25 [sec]

LP Turbine Time Constant Ts 9.00 [sec]

CV Rate Lower Limit 1/T, -1000 [1/sec]
Load Limiter Time Constant T, 25.0 [secl

HPT Generation Rate K 0.3

CV Upper Limit CcvU 1.05 [pul

CV Lower Limit CVL 0.0 [pul
Plant Control54

Output Upper Limit MWBU 1.05 [pul

Output Lower Limit

MWBL 0.0 [pul

Governor Margin

PLM 0.05 [pul

PI Gain

K, 0.4

Integral Time

T, 25  [sec]

RA2. 7T RPN T A4
Plant G1 G2
Fuel Oil / LNG Coal
Boiler Once-Through
Steam Generation Lag Ts 120 240
Boiler Dynamics T 20 20
Pressure Control Lag T1o 90 150
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APMW Teref [pu°C]

0.05 [puMW]
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03 04 A f
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Governor Gain K; |0.25 [puMW/Hz]
Load Setting Time Constant T, 3.00 [sec]
Load Setting Upper Limit U65M | 1.05 [puMW]
Load Setting Lower Limit L65M | 0.00 [puMW]
Governor Margin PLM | 0.05 [puMW]
Load Limit Time Constant T, |12.0 [sec]
Exhaust Gas Temperature Time Constant Trg | 5.00 [sec]
Exhaust Gas Temperature Deviation Gain Krg | 3.50[puMW/pucC]
Exhaust Gas Temperature Control Bias Brz | 0.04 [pul
Radiation Shield Gainl Kgrs1 | 0.50

Radiation Shield Gain2 Kgs, | 0.50

Radiation Shield Time Constant Trs | 1.00 [sec]
Thermocouple Time Constant Truc | 1.00  [secl

Fuel Valve Time Constant T, |0.20 [secl

Fuel System Time Constant Twr | 1.00 [sec]

Fuel Control Upper Limit UFD | 1.05 [pul

Fuel Control Lower Limit LFD |-0.10 [pul
Exhaust Gas Temperature Offset Torr | 278 [K]

IGV Control Gain Ky | 2.00

IGV Opening Upper Limit Ugy | 1.00 [pul

IGV Opening Lower Limit Ligy |0.70 [pul

Air Temperature T; 278 [K]

Gas Turbine Inlet Temperature Tro | 1678 [KI
Combustor Inlet Temperature Ty | 696 [K]
Exhaust Gas Temperature T,o, |888 [K]

Ratio of Specific Heat of Compression k. 1.40

Specific Heat Ratio of Combustor and Gas | k; 1.33

Turbine

Pressure Ratio of Combustor Prc | 20.0

Pressure Loss E |0.10 [pul
Combustor Efficiency e |90.0 [%]

Gas Turbine Efficiency e |91.7 [%]
Combustor Time Constant T, 0.20 [secl
Exhaust Heat Recovery Boiler Time Constant Ty 300.0 [sec]
Output Coefficient of Gas Turbine Ker ] 0.001820 [pu/K]
Output Coefficient of Steam Turbine Ksr | 0.000375 [pu/KI]
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