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Abstract: To cope with high wind power penetration, a high-
er requirement for the stability of the regional power grid,
where the find farm locates, is put forward. As the key factor to
cope with high wind power penetration, the configuration of en-
ergy storage is closely related to the final stability of power
grid. To solve the problem that it would cause high investment
cost because of improving power grid stability by relying on
single type of energy storage equipments and it was necessary
to consider both the economy and reliability of energy storage,
based on the characteristics of different sorts of batteries a con-
figuration scheme of energy storage equipments, which com-
bined the strong power regulation performance of the lithium
battery with the high energy storage capacity of the liquid flow
battery, was proposed, Based on the technical indices estab-
lished according to the actual demand and combining with the
objective function, in which the average usage cost was minim-
ized, the proposed configuration scheme was solved by im-

mune algorithm, thus a comprehensive configuration scheme of

AR F7,2023,40(1)

energy storage power and capacity were obtained. Finally, a
case-study based on the data of a certain wind farm located in
Shandong province was conducted to evaluate the improve-
ment of wind farm output under the proposed energy storage
equipment configuration in the proposed scheme to verify the

economy and the reliability of the proposed scheme.

Keywords: high wind power penetration rate; grid stability;
battery characteristics; energy storage configuration

DOI: 10.19725/j.cnki.1007-2322.2021.0230
0 5|5

Wt T S RE IR AR G 1) T U T RE AR,
HL ST T RE TR 2 12 A0 U G A A R A Fit 19
HE AL, SRR BEIRBE LY S5 B sh PR EOR,
RS RN ) B o JEWNE /| T A /5 ) i N
X X R 28 TR AR AL )9 4 R R DRAIE R IO 5 AR
SEIBATICHE . SRRENE o —BloBr MR, AR
P, £ Bt 2 v 19— i 28 2 e T RE R 4 R
75 NI, & B PEAT 68 AE O B R S 6 fE
X ANEEIP S i o

FEl N AP XTI IT T R BT ST, HT7 1] 2R
BT RGHE S PR 2 N7 . X T T,
SCHR [3] 51T 15 JE 8 it ke 346 B v A BEAT fif E T
B, KRG Ra s/ MEsa T AbR, i
TAHBL A K REBC B 7 585 SRR [4] LB 4T 3
W S AT G B PR R B F M R, SR
JE T RHREREHE X A R, A5 T RE Y B
PRABFITaE s SCHR [5] K A8 5 USA I Z A
AR PRECH 2R 55 T8, FHBAEREICILICE s SCHK [6]
ZRFIE T ARE . SERERG BV R, HIfHEE

http://xddl.ncepu.edu.cn E-mail:xddl@vip.163.com



55 40 £ 55 1 HRRIAAE . BT R AR K A 25 A il Re R AL & 93
AE T B/ DME XU Y TR0 152 22, DA T R 48 1A e
/M o ;a2 e
PRI EEPE ST, SCHR [7] 7 TEAERE RS AC\] [pC P
R R Pk DL K it ME R 2R (loss of supply i 5 a3 =
probability, LSP), ik f AN E P 5% i 1 45 2 £ fig DEN D¢
b e R %

PC B e A A 5 SCHK [8] 5L AT HE R, ME
ZEILAL PG P A AR REBC B SCHk [9] B &
ROLRERMRICR , B IR ERE VA RER &, 18
AR RE RO

75 18 B i# B 15T B A 28 T A ] 5 P 9% A L
NRF, AvBER T Ea ik 2 97 R LAY
BT R R SR A A RE TG D7 V5 o STk [10] 24
TR oAy A bR, LA I RE D 24K,
eI AL 0 2 e 2 R R RE O B T s SCRR [11] 2
SL T PLRGFENFEAR . TR BBR M AT
Z Hbr A B OUACIC B, SR A RETIC B 7 5%

SR _L IR SEAR A KA RE B A A B AR
B 7 SANACR B — TR RE B4, AN RESE 42l
ST KRR, SOk [12-13] % 8 T R RIfERE % A
S BHEE R P L pR RO 00 A 2R AT AT R 23
Je AR Xk A B e A e T B . ELIX T IR AR A
ity AR L Br  DLEFERS 1 B0 BUE R, AR
FREY Ve PE RO 1 HC B 7 S RE AT A N B B
WAREFEAY, fEAER AR B BUNECR, B2
SR EZHATE N R

FEXFLL B, AR SCHRE T HAA AR BE B i AN [R]
IR RRPE D], T S Sl R R R ol 5 A T O
TS A 7R AR A A e LA ILE, S A
LA RETIC RS . 1o, S IR RE R ST
R (PR PRI 5 RO L MR Y — B, N E SRR
[Al), 7EREEERf b2 I XUZERERC B ARy, |-
JERE R LR UE XU St B n] SR AR, R )=
T PIAEREF XS el B AR, 28515 6
REMI I BC BT 58, 107 1 Rk SR X A LR R 11
Het, MORMERGER AT EEMEZOR . fm FHSEBRIX
Dt BUETs SR B L SOR

1 EihBEERE R EEE

HLILAE E R 40 5 X GG RGBT A 1,

K 1A Py(r) ML BE R R SRR T
Pying(0) AR 105 B T3R5 Pl 8 KABEK &
RGBT, B AT EIZ R
ESSR

1 REBiFH5BtfEERa RE
Fig.1 Combined system of wind farm with battery
energy storage
Pref(1) = Pp(1) + Pyina(?) (1)
HHEMBAERER G E R, HoAy RS (state of
charge, SOC)S Jyl14.

S()=(1-a)S(1-Ap - LBO-ACN

Eg

B, Pe() BIBUE T

2

P (l‘) — Pref(t)_Pwind(t)» |Pref(t)_Pwind(t)| ngax

B _Pmax, |Pref(t)_Pwind(t)| > Pmax
3)

ML AR RE R GRS, HATHURE A -
S = (1-a)S (1 A — LBO-A! 4)
nks

P (t) — Pref(t)_Pwind([)’ |Pref(t)_Pwind([)| ngax

B Prax, |Pref(t)_Pwind(t)| > Prax
(5)

LA RE RGEASIERS, HATHRE N
S =(1-a)S(t—Ap) (6)

e o HLIL AR Ry o FL b Y S L AL
ARy Eg NHLMAYHUE A5 A g I B A (] 8]
B 5 Prax 9 FEL UL D) 3R A B RS R BR A 5 S
AR BT R A [0,1] S Al b5 9RO P PSS B A ]
HEWESERR, SO HHEZERR,

2 fEREEEEMRUER

2.1 fEEMIERERSREHRE
2.1.1  THEEHAE B

B XUHL 37 B0 PEAT AR T, LK B SR 1 e 1) S
BT A R T SR M T ) U B B s A (— AR IO
HL 3% 1 4E B9 BCHE ), e I 309 B2 A i) ) ()RR TR
1800 s B 30 min, YIRBYPAE S 1s, M AHUE
R, W B D3R P p(0) B 1 -

T=M - At 7
1<
Pret-p(1) = 3 > Puina().1 € [11.1] ®)

=1

AW, A7,2023,40(1)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



94 m K B A

2023 42 H

LESTIRE oI R DAL € T g R NG R 2
RGERYAMET A S SR FLSE KU S 2R 4T 58 4 kb
AL SR Syt — 2, TR RO R 2 i
R A T R IR, R IRIR 2 . HCE DR
P R R A DR AN RICR, HEZ AR bR
T — A, 3T LAV TR M T K

HESANAT RN mpe M -

t
_ P()=Presp()

npP—e = T

all
ﬁ*:UZ 1IN NG RED) FAME S, SEPR
P(0)=Pref—p(r)

ﬁ&ﬁﬁ%%%ﬁﬁ%ﬁﬁﬁﬂ;ﬁ%ﬁ%ﬁ¥
0B ) Je) B P s ]
212 MERRAREPMDIERETH

SEMINFMIG, Wi RS S5
(HIEA—F, R LRI REAE RRE, T
FE— R NAERA KU 8, 3 B B ol A i B R I
S ETR, & T LRSI, N TR R E
P4, (DR E R, —2ues 25
W

LR bR TR E &0, X FIase TR
St AR BRI Lijgn s Liow R
213 HIEHRARE

SERIIF LTI ARGIEE, AT HiE— KN
(P BRBL SRR ), Ha Ak B 22 0 T RE M e sl R
B e KRB, X AR R i s 2 AT AR 45 3
HARBUAE.

x 100% 9)

Pref—p(t1) = Lhigh

ky P
ref-P(12) = Lhigh
Epe = ZJ ‘ (Pref-p(2) _Lhigh)dt (10)
1

ko

Pref—P(tZ)ngnw
Eva = Z f (Llow - Pref—P(t))dt (1 1)
1

Pres_p(t) )<Llow

Ky Epes Ev 200 BAL YR B IRAS,
il AIE 2% 0 HIJ e 75 22 WAL 1) E 2 DA B A P o 2R
TR RERR 5 Ky ke 23501 D ML 18] B2 PN IAURE K 5
F G R T Ty A L BRI R A A E] B BRI T2
FRI PR I F A P ) B %8
2.1.4 MR

HR AT B R AR R Al i I AR 1 SEPRASOCR,
B I W R A5 T R S IR

HIUER dpc

max(Pyind(?)) —min(Pyina(r))
max(Pyind(1))
max(Pref—rc(r)) — min(Pref—rc (7))
max(Pref-rc(?))
M Prepre(t) U R GETF A HL Y B A )
max Fl min 73 5 KME . 5/ ME RS
215 BREk
WIS R, T B LA RE 2R 48 0 R 4 7
ARG R IFaE, Wi KE, HMifGRERF TH
KRYEFF R G L NG, T BE A VR A =
RAEREFHR .
FROEME A N

Ep Ep
As = |w = 100° 13

/1pc=(
(12)
)xloo%

K o). o) IAEEZREC, AR S 1 LR B
PE (KU Y b B R FE e 5 TR,
MM o) BEK, RZ 0, K, HoEAMHREH 1) .
2.1.6 LEEBEIRRE

W EakiRbR (TR AR &M ) AT RGE %
JEJE, A5 ERER A B R R IA

IRe = vinp—e +Vv2(1 —Apc) +v3ds
3

sz | (14)

i=1

K g I LJZERIRE; v, RS TT
W, TR X S A e SR RS, AT A —
SEFERE V- SR 24 I Bl Wk B AT RIS v,
diE, ST R A I R SRR P T X R ) 0
R T 0.5 EUE, T sREU B AR,
BUHAE 1 A AN E AR i
22 fREERIRFMHAREERR
221 TREZHERRH

P 2B e U, TR i 5 4
o A YRR Pt P T L 2 TR R S i e 2 8 1
AREE, HEEM eI B & R SR A R 5
S SR, RO AR T A 2 A R R )
RGN RERE ik, (RIS %5 m R iEse 4
SRCE, FREMIPR IR e ML, Al
SRA TR TE, WO 2, (B4R b e
A SRR AR D R LA G, &%
AR B

AR /NS 3T Ty FE R Yt AE DRI R
TP DA R 25 TR R Tt 7R 2 A AT L G 5 A

AW, A7,2023,40(1)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



9540 & 25 11

BHRIHAE . FET MR A X R 2 S R il 95

fert, R TIREFTRCEARN, KRB 25 R

ROR
H bR ek g an ™
Y
Cinitial + Z -0 Coperatingy
min Ly= min — (15)
y=0 Edischa.l'gedy

s LT R A s Y48 B A
B e 35 B BE BRI IA S VE A+ Coponning 51
REM R ST AR s Eqpsenange 16 7E B ELL
2 T A R — LB T 2 R ks FbR y Y
HTEIR.

FUAMA R R

BIUABEVE A FE B AR R TR ) 4 —
VBRI W 4, 8 P T L A R
S5 IRV A HORT I (AR R BT, DA
FE 5 TR T R B 1 2y 09

Cinitial = C(r,m)[(Cp-LiPLizion + CE-Li ELivion)+

(Cp.vrBPVRB *+ CE-VvRBEVRB)] (16)
_or(l+ r)"
C(r’n)_—(1+r)”—l 17)

KA Priions Etiion~ Pyvrs~ Evrs 7051 9 L HL 1t
W B & B ME R Coyy Chyre-
Ceri~ Cgyrs 79 ) 1 FEL 5 908 3 P S 1) ) 232 A
KRG P NIEEITHE; o HEiTH
HHFR o
BATHEAP AS 246 0 DR A B8 2R GE 7 5 i iU
WIEH 1T s SR A YL, HE LG R
GG . R PIFE. fFis . AT, Kk
BERH, DA RRAL, —MEPIR R —E
Lb B RAGS, BD
Coperating =C(r,n)(tp—LiCp—Li PLi-ion+
HME-LiCE-Li PLi-ion+
Hp-vRBCP-VRB PVRB + 1E-VRBCE-VRB PVRB)
(18)
Eavi el Hp-Li~ HE-Li~ Up-VRB~ ME-VRB 5390k 9L B
A R A E T YR R L T D SRR A i A
EX®
222 TRERARFH
1) 72 PR .
B R S R L T T AT — 2R S 5 R
TAE, A LA s a] PR .
{ELi—ion =0.25PLi—ion

19
Evrg =0.25PyRrB (19)

2) Ui pfl
PEAT MBI I, 5 BRIt D)
AT, BIAGER LR E TR

Pmin gPLi—ion ngax
20
{ Pmin<PVRB<Pmax ( )
P Poiny Py HIRBY IR/ SRR, A

TE LT ZR X () fiff B C 2 A eIk B WA ROR .
3) FE K HL R FERR
S<S<S§ (1)
e S. SO HRES ERIR,
4) i e AL X B [a] BRL i Ue
FEFTCE SRR, e 23 i B A i R A A
16, X BRI TR SCRFEIX A

NS S(0)
e
1,x=1

fl = {O,x< 1
A, Ty MAEREVEASEIX ], 25 SAEF E R
2N, NERE RFIEASLIX

AR SCHT PR XUZ B AN R AL

3 HECREEE

A AR E T R LT 2 2
WIEAS, LR BIRITE s R AR SR
A, WOR e SR R i i e TiC AR A

£ LRI DR Z&at 2 A mE R T
LA TTREERR AR R BN HbR CRIBLIR ) o Pl
Ha b i B 2R 40 0T A R 6 ) R e A . ik
X TP SR SR AR LA R e AR i Tk B ek R an 5
(23) (24) .

(22)

1
F
e PO v SR FAR R BB/ MEL; A, R
A BEOR B

1 N
Co= > S1(s08))
=1
oy VL (sig)) < 6
S (gngj) - { 0 ,Laﬁ(gi,g;)éés

s Ly I PUMR i) 6] 9 WRGCRE S 5 N PR
BN EE o mahE RRE; ¢ BaPiik By
I

Ay = (23)

24

AW, A7,2023,40(1)  http://xddl.ncepu.edu.cn  E-mail:xddl@vip.163.com



96 K B A

2023 42 H

TE R DUk REF- 2 6 TS e/ A
FUAR . UAR I i 722 Sy LA R it 18] 2 2R % 7 A T
WRAR . SRR E RN (25) .

Ay Cy
ZAV+(1 a)ZCV (25)
K a ACE (EHUE R [0,1].

AT FE MBI A2 PR, BRI ERINT

1) BRI IR AL o AR A v i R A B
WS, IR EBE GBI, BNiziTS
WA, BB R RE AR S, AR R B A
()25 8]

2) LEEIR G . K b E R b A
A ETERR, X IC A2 40 B b T AR A R A T Dt
TEE, AR ERRE, ML R
[N

3) LJRPUARE R, D) A R A k]
AR HT, RIS WA Bk AR
JE 5B DGR RRBUR k8] ERR, #hiikn
FAE S E RS —E WS, miclZgpEitir
PUARLRAE . Tl F 11 D >4 s 2 0 K AL L

4) TEHEAEPG,. 5 28R A
I IE N R NS &R LN TR =1 G R ak vk
HEATE

5) TEPURER . HH T EUAN RS
HUR3) KL, FESHEBUACE R . WRE,
HEGR | e iR BRI T E T R

6) IR R AR U BRI W o T I B Y 2
RRBOEE O LR B0 B, W 2 WFE 220 58
7)), AN EMBERE S ) kst tbikat .

7) LERAR R BUE R, R TR g
P A PTRTHE L2 B bR R R, IEXT RS
BREATAH R BT

8) AR EAC YN . T L B 3 4K
DB A IR BIBE B, it 2 D) A i B A
AN L 0k e 3 ) ARSIk .

4 BEEGFIOH

4.1 HiMFHESH

HLML PR S5 3R 1 TR o
42 fEREEEHF RMEES

AL B SR A L AR R XUE 3 (400 MW) S BR
B AT 19 1 S B0 R 56 UE AR ST B RE G

P=a

®1 HEFEASH
Table 1 Detailed parameters of the battery
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Table 2 Energy storage restricted indices and parameters

et Bl
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Liigh/Lioy MW 70/30
Ty /h [0,0.5]
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Table3 Comparison of algorithm configuration schemes
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Table4 Comparison of economic costs under different
proportions of the two kinds of batteries

PR AR ORI R A

di /% i /% A7 /% ik, Y/USP
100 100 0 0 440.020
88.5 55.6 115 44.4 309.786
82.3 38.5 17.7 61.5 278.877
66.2 9.7 33.8 90.3 251.201
44.1 6.5 55.9 93.5 274.965
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