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Abstract

With the development and progress of science and technology, wind based renewable energy be-
gan to emerge, gradually replacing the traditional power generation and widely used in society.
Large-scale wind power grid-connection has brought new challenges to the safe and stable opera-
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tion of the power system. The energy storage system has a broad application prospect in improv-
ing the access capacity of wind power. However, the high capacity cost of energy storage restricts
the development of wind-fire combined power system. Based on the consideration of wind power
output volatility and thermal power unit operation constraints, this paper studies the optimal al-
location strategy of energy storage in wind-fire combined power system. Under the premise that
the loss of load is as small as possible, the output power volatility of wind farm is suppressed by
rational allocation of energy storage capacity, so that the total power generation cost of wind-fire
combined power system and energy storage system can be optimized, so as to improve the eco-
nomic efficiency of the whole system.
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1. 518

BEE NS E RS, thaHBEZRERN, #WEXRRIER 1 H 25 HA&RAR 2021 44 EH )
Tk Bor, #2021 4F 12 A K, &EK BRI ES) 23.8 (T, FIHEK 7.9%. Hi, X
HREHLA L) 3.3 40T T, ALK 16.6%, 7KK EHAEIEAR B ERKBOE T, BMEm, J#igFER
B, RIIRWAE R B TR S AR AT F A S Re IR K R 2 —, ARG AN SR S R
1M RREE — PR IR BEVR, EA RIEIEME M, HRIIR I GG BN RGN D%, BEMER
TE PR RE Z AR, LA B RS AR L TR, X E R T MR R . KRR
FERBIANRS KBRS, P11 A8 R G PR R a5 . P Thae, mr LK IF
(R JRCEEL H 738 B BRI PE SC VRS TR P, A B AR e e AR ok IR PR RIS R4 (1 ] i

FHER, #% 2019 FIK, SIROHEMEremH R Ry 183.1 GW, ALK 1.2%:
W E B ERETT H RN 32.3 GW, (54 Bk 18%. fEIKIEA [, 3 2024 FEAERETH A B S K
3%, 2019 4F, FRIEHALEMHEREEIARIS T EHEHE, RIFREVIABA 1592.7 MW 5 4 [ i BE AU L 40
4.9%, [FLLIGKT 1.5% [1].

RSB FK SRR AEA KA, RIER B RGFE ST L, B0 Tk Ui AE RS0k
e, AREIRIEEAHB I RGUERIfRE M, RIEH A BESR, HSSIUR R AR &AL, AT
P MUK G R A5 303
2. [ajREiRH

R ARG E K, KL, fREAA ST, KENLA 3 6. AL E 1050 MV FH X, fifi g
—LDIZE(1.0 p.u AR B HIA B, 1.0 pu it S K AT IIER), KHIBIE 2 (I KA D)3 5 5
KA DhZE 2 L) B v REisE I R G e K SRR Aar, S RS D384l

FESL: RGRAHEHERA = RARKBEEAI RGO A HEE, KELEAE = KERA + KK
A+ BURMA + fERERA, Hr.
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1) KHERAOIEIEAT A . Wl SR A, o K B AT A Ha AT 47 A AR HUGBRE AR A4 B
KU S 65 F=aP +bP+C  Eogplaiptre (ko). POAHLALIE MV SEAT4E " A
M 0.5 FHIEAERA T S, BiAH AR AT T HE R SRR AR A, R 2020 4Rk v Ak A R
BT R A A K LA . KPR SHOL R 1, Sy X ) A BB XA O 700 o/t

Table 1. Related parameters of thermal power units

F 1 KEHERXESH

BARZH Gk ML 2 ML 3
HUH B KB H 71 (MW) 600 300 150
B BN 71 (MW) 180 90 45

B HECE (kg/kW*h) 0.72 0.75 0.79
WHE A KL cl(kg*h™) 786.80 451.21 1049.5
PEHET 230 b/ (kg*(MW*h ™) 30.42 65.12 139.6
WEHEL 250 al(kg*(MW*h ) 0.226 0.588 0.785

2) WA FRIZE A, MRS HAE 2.

Table 2. Wind power operating cost parameters

® 2. MEBBITHRASH

BN HL RIS 4E AR T6/KWh

0.045

3) fHRERA AR T A BYERAII L, HRSHIE 3.
T AETHRARER AR, TR S A R BER, RIPPFRIRERIT A = S0 BAAEATHEIR/365 K.

Table 3. Energy storage cost parameters (full life cycle of energy storage: 10 years)

3. R A S K (fRaE2HEwEAH: 10 5F)

AT Th R AR (JT/KW) AT T AR (JG/KWh) BT EE BB 4E AR (JG/kWh)
3000 3000 0.05
— - ( )
bak-4::) K71 % FBin T, Mﬁﬁ@iﬁ\@\
K1 AL —j o0
) 1
NI REBHITER

bl

r N
t RmE R BHITER
fifgERE

Figure 1. Structure diagram of wind and thermal power combined generation

Bl 1. RAOMKNDEKE &R BEHE
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4) 3SR JA% 0.3 JO/KWh TH5L, R AT 4% 8 Ju/KkWh T,

B FR 48 H s R B R AH 900 MW, BT Bl AR A 100 Je/t, 2 A ih 5 DA il A8

HIEMHRE RGN, KHEHEHL 900 MW B K HHLAL 2. 38T, RAMHENLZA? ALK
17, T B E M MR B 2D (R RE TS UK 90%) 7 W SR e A AL A (B 60 JT/t) . AT
PERA(HL 60 T/, BEES RGERI AL BLE AN Z /2

KRB R R G A5 BEAFE RS R MK SRR, EERRERIE 1R,

3. [EIRE ST 4

MR FRR, BRI IR AT, WREE K TR DA gk RE R et i MU A LR 2 1, 20K
TR DA B RUR TN HARDIR AR 7 R BB D SR I ZEAE KD -
AP =P, =Py, —KAP, 1)

X AP RTJE KR BIDIRZAE: By, WRKERE KRG FR BFME: Py, AT —Z K] X
TIKITEHRREIE AT R R R IR A FIE . 25 AP N IEACR TG ERTHK IR, N iR
i B PR K TR

RefEREBIARN T T R R SE, TP R R IRV, 5 el P A R AR 36

R BE R SR U RE R R FEICB AR . AL AR R ) S AR FB Mz B [3], SEFR LA
b AT AR IS AT SR R P BE R B S O R R TSR T . AR SOR A T DA 3B N S B RO A #
RE 53 LA LI SIS ZOR K L LA E R 4t

FEF-S0m] AR BEVR A D R P R D, BE RS TR IR IR T Rt A R SRR Ao v
FERCAIAR . R, FE AR R GIBCAEA, H IO At i BE AR SUAE SN 2 B R TR D AR AT
b Soc (if FARAS), DL R A#RE RGEHEH ST B PE RO E R [4]. N T RIER G IR E, KRGk
REFI DA 57 308

Py (t) =P (t)+ R (1), 2)

R, (t) = fd(t) Py (t)—chd (t)Py, (1), (3)
fd (t)+chd(t)=1

{fd(tychd(t)e{ol} @

A S BRI R R T T s Ui 2 -
Soc(t)=(1-&)Soc(t —1)+ Py At/E, ,

5
Spin <S0C(1) < S .. ©)

A S bR XD R RN T TS Ui 2 -
Soc(t)=(1-&)Soc(t—1)—PynAt/E,, ©)

Spin < S0C(t)<S ..

Rt Py (1) 4 AT BUAREIES RAMHIIIA: P, () 4 R 2R BLALR I ThE: Ry () 9 2]
e RGIIEBOBIIE chd (t) A t I ZIRAAE RIS RS fd () 0 t I 200k A 1o O P AR 2
Py (t) 0 LI 2R A IR IS BTN Py (8) O ISR AE RO BB TIE: B, JobkAe it A Soc(t)
N TR & il E RO,y WBEHIBRO TSR 1 WREREHIBIIBCRRE: S,
SRR ARSI A LB S, I HUIRAS O S0 T BRAA
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MRAFE, fRE R GUE B SNSRI L. SR /TR 0B, ZhaR A i e
TBCRRAR AL R IR TR a2 R4 D3R A e e BT L, DLRIEC & R 4t
t Ay st R T 77

IR S S TESVSE

AP(t)=P; (t) =P (1) @)

MY FGFUNIERT, ik BE F 0 SR

RdO)Znﬂn{_AP(O’Rmﬂlﬂl—E)S@l;Smmjaﬂm}’ @
TG GV, A H I
P (t):mm{Ap(t),pm,[Sw _(i;f)s(t)] Eb}- &

R AP B USRI TR, Py (t) M PREE & R A TERT B t iR R B Ih: Py A
FRE I RV BORHOBINE P, ARK RS HLIE R VE BOK T T

4. 1RBEN SHHIKME
4.1 HHEEN
KITR BIRAR
KITHR A PRA T B FRIGAT AR B A, Fo K LIS AT BOAS BB AT 447 WA IR FELRRE A
MR, RABFES IR R: R =aP? +bP +c, BT AL 0.5 FHFERASIE, Bl M
AR TR R SR A W RN
W, :1.5i§:qlﬁt +iimwi P, (10)

t=1 i=1 t=1 i=1

Arbe W KR HEAS:  FON KRN § 7258 t I BURIBRAE R PO KRNI | 7258 t I BRI i D)
Fooa,b, o AKHEHLH | AR RS o RBETRS s m OB SR A .

R A«

WK R TIB IR, PRI BA FERE AT, (E % A H T 3 B0 B 1) H s 44 AR DL KB 4T
B, AN BRI R LIS A RAS, BRI A ) R LA 2

T
W, => CP,. (11)
t=1

e W ARTE A C AR REG Py (1) 4 t I 2R B2 At 2h 26

BUR A -

PR A T B AR S R KR I 5 R St IR BE T Sl D R i s lie 1T, AEsEbrig it e,
SR HH T Bl DA K Ak RE A BRI BR A, 7T e XU IR & SR 8 JE iR /R BRER THRIH T ISR . R A
AALAE R ARG A RN FE AR A [3], AR IR A

W, = dyl{:zl H[ P () =Py (t)]At} +dy, {:zl H[ Py ()= Py (t)]At}, (12)
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b W, WBRHR: p MBBETIREG 7, AFNETREG d NEE FEIFMARE: AUAR
FEITEL.
P
WA h BV R | SEAERATIR, B VR A I A R L, SR A
ROV I T 4 B PR, (R TT 2 -
w, - A e ), 14)
(1+4) -1
S: W, A 2 MR 6 ARk HE AR AR AL C, 9 RE AR
.
R
K 2 0 FL R 00 ok R 8 o L PR PR SRR, A3 B P e 3
Wedt, R PR B T 4 0 R R OR B, 4 R T

;
W, =d) CeP, (t)At. (15)
t=1

q: W, AFEHREEIE: Ce AEZAMNSR EM HLA
PARCK AR & RGN R BARR AL, WiF:
MaxW, =W, ~W, ~W, —W,. (16)

X R A B 2R G0 A I8 A2 R 2 A2
0<P,+P, <P,
Pf min < Pf < P

P <P <P,

hmin —

Eypin <E, <E

bmin =
e W, R HEANE: P, AECHRTRIIR, Py, ARV RN IR Py RITKH
MUHBI R KRBT B AR BN B NI B o KT B R BTN Ey,
NIERERA BRI IB/ME: By WRER R BRI AME

4.2. HEBIKE

ASCLATGACHLIX A R BE H 15 738 — UCRFERS BY, SREE# F B 1) 6 A 2 236 5 XU D 2R B 1B
THESCHE, fBRE R GURTIE F AR AR & FL It B0 BB S RAC S 3000 Jo/KWh, A HLEE4E AN 0.05 T
IkWh, fife4Z5a BN 10 45, HAR SRR MABHEHE —EMHLECR, Bith. BUERER
HIEL 90%.

K A HLZEAL 900 MW ELHEBAK HILAL 2. 3 BF, FH MATLAB #fF2eiil H & r LA H & it &l
ek, MERRGINFFH R AR . R, UR/NE AN BARRE, K e 2 Fo g K
FHLZL 1 ATXCERLZL, ] MATLAB #PE2 ) H & LA H & R .

SRIG R G RE AR AR N — MRS &, X RGN R A FEAERE A,  LAR/INR HURAR N B A
BREL, NI SR R /N R FUSAR I BT R i RE R A TR B E A &, H MATLAB ARl i pL4e B

f max ! (17)

max !

bmax *
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B HZEHL 900 MW B 5K LA 20 3 1, HLAH R HIRITZ& & 2 s, RETNHRFlK
AR W 3 BTR

U o
. WULE H R iRl 2 -
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1000 | = i
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I 18]/15min

Figure 2. Daily power generation plan curve of the unit

B 2. tAH&BEITXIEZ
 RGEBIAER,
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F} B /15min
Figure 3. System power changes
3. REMERTHIENR
ATLASH: A 44 DI BARE S RIS 0L, 78 XL Bk F] 1966.941 MWh, A 52 /NI BUAFLE S 5 AT 1Y)
B, KA R IA ] 941.086 MWh.
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Figure 4. Daily power generation plan curve of the unit
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Figure 5. Abandoned power situation

5 FIRIER

AR A 19 N BAFE R RIS, FFXA B EIAR] 714.274 MWh, A 14 /NEFBAEAE K 574 (1)
5L, KA FLE IS 3 215.541 MWh. FRALTRIFHE A (B 60 JT/t), LI R 48 AL it f AR 36 4 B o

BT KIUBAE I G, KL Z BB S S E AR B O Va BRI IE Rk 2 5 R Guis T R ERT,
TG TCIE AT BB X I IR ORI H A8 Ak, AT RO B3R, BRI T AR TE AN . N T Rl
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ROFI I BB IX — AT A REUSIEAT R FEL, 7 EETC LA B 2R 08 o 25 JE SR Ak E 1 48 o 0 Ay fA R0 AT VLA

Table 4. Various costs of system power generation

® 4. RGRERTEA

. it
B G KHBLALIE (7 DR W (ot Mgtk e R
WAGER)  (i70) Oty U O FERURLER FERBEUK R
Mwh) (i) (D) (i)
60 146.230 42.892 0.265 27.344 714.274 21.428 215.541 172.433
1000 . LIEENSh N . _-;kigtfg
T i it

—— fifif R
—+— MR IR

800
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400 [ v

LR/MW

200
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i E]/15min

Figure 6. Daily power generation plan curve of the unit after connecting to the
energy storage system
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Figure 7. Wind power generation situation
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TG K 7 v S L R 0050 23 B8 RIS S, BRI T A2 e L UL R O SRR A % i 3 1 1) 3 XL i) R 2]

EENERE R GG, N RGERKBRA = KHERA + KA + A + FRE + K
e, HUHH & TR Z& WA 6 Frs, KEIhZEHWIE 7 s, DLRSUR B A SN AT
Hir, YWRFKMHEERGINZFEPHEL N (ERRNE T LA 5 AR T R B . 38R A
R, PARGK WS A SN B bR RO R R A A BB E AT @R, MMSH RGN
BC & R MEREA B . [ MATLAB 40T LIRS : 7R R AR fmr 2640, 75 2200 B R /M RE A
HON 944.420 MW,

600

I 57 A\ %

500 7

400

IZE /MW

2001
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Il 1 1 1
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HF B /15min

Figure 8. Abandoned wind power

8. FMINZE

0

TS A DL S AREDIZ AT 404, v LA A 12 M B E 7 A R U (L] 8) , 73 XU HE B2 31 570.938 MW,
AAEAER AT PG B ARG RE AR . BT Bl B AR (X 60 Jft), UBHT RS Ar fh R A an 2 5 FioR:

Table 5. System related cost statistics for replacing units 2, 3 with 900 MW installed wind power

52 5. XUEEHL 900 MW E{LH14E 2. 3 BEC B ik sert RS E LR A St

7R
B Ay N ENVABITR BABSRK JAsis s S R R A
(Ji7t) (i) gige)  FPRUREE FRIVR 55 (Gekwh)
(MWh) (JiJu)
60 147.132 43.021 27.344 570.938 17.128 89.657 0.209

SERIHT: AERE R GRS LU LT N R R S R R B R AR T B T SRR A AT B R
T A7 B 28 55 X R Y D R ik RE R S EC B A5 R . RO E S E R A R, W DU R K
HL AR AL R AT R BT 41 %, i ey KR B P R R B AR R IS AT 25 AR

5. L&RIEM
5.1. BN S
AR TR SI R K BB i i R 0% R 0 I 0 L 4 T, BB A e 07 I R A T B R 5 1% FR 4
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5.2. RBIERS

AR Fe (S ) U %, T R SR AAATAE — 3 TR

AR OURIR B, I EAS AL, AT AT B 437 S 0 B, TT RS AE IS b A7 e — S (R 2

B EET BT 25 B F TR, (HIE R Rk IR R VTR %, B — b5 3.
6. &578

ASCHR T KA i REILLIE B R GE,  ARK At RE R ST 9 HARBR L, 0 IR £ i e
RGN RER B E MR R AAT 10, EREARAAHRRNEL, RESGHNMEREE, 5
BANARGBAIE R K FEOIZREN], 45 10D T LRk ik BE 15 58 AR NS, X
DA BRI AR RE R G, B ARG R AR, RERS AT KR D A A R A B, AR
filiBE AR GU S A ) AU S KRR 016 DL, BRI AR HISAT PR RE, 39 AL P i ) 1 P2
oK, R E R EIZEAT AT ASCHR XU 5 K 2 ] Ty 2 7 O A DL K ik E 22 4847 1l SR ot 132
X HAIE BT €S HEE L.

EEMA
RS KA A ZRit R H (3501).
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