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ABSTRACT: When wind power participates in primary
frequency regulation through active power reserve or energy
storage integration, the coordination strategy and capacity
allocation significantly impact the performance and economic
efficiency of wind-storage frequency regulation systems. This
paper presents a coordinated primary frequency regulation and
capacity optimization strategy for wind power and shared
energy storage that accounts for wind farm cluster effects. The
methodology develops a high-dimensional dynamic Vine
Copula function to characterize correlations and uncertainties
among multiple wind farms using correlated wind speed
forecasting, while incorporating cluster effects including wake
effects, time-delay impacts, and terrain influences. A reserved
power allocation strategy for wind turbines is proposed
considering both turbine performance and operational
economics. Furthermore, an  opportunity-constrained
programming model optimizes energy storage capacity with the
objective of minimizing primary frequency regulation reserve
costs while incorporating cluster effects. Case studies validate
the effectiveness of the proposed model and strategy, while
analyzing how spatiotemporal wind speed correlations and
wind power cluster characteristics influence primary frequency

regulation capacity planning.
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Fig.1 Wind cluster-shared energy storage system
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Fig. 2 Wind speed modeling considering clustering effects and power allocation process
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PINRKIEN 4 m/s, FUERIEN 12m/s, VI RGE K
20m/s, FCEE 1 ANILEAEREHLNG, i A8 HL R
GRS . A SR EI7 — TR AT I 1 22 R0
2.5%. RGSHIBESH CHR[37-38], TEILE 1.
() —Q2)NA TSI R, LS LR
FAF A S R E LV R kA, & TR S 12
WERVEAL, 15214 AR, BRI 72 LI
& A, 18 Yalmip THEAHAH Cplex KFEHIHEAT
KA
51 FENBEHMEXINEERMES
511 REIZEERRE S BT

AL 3 B XU HL 37 A (] — L IX ) 7 A4S AH 4T R
F37p, ORI T KA R S o g S8 B30 H) 2 v 4 20
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Table 1 System parameter

ZH HUE
ML B AN Cying/(T6/KW-h) 0.54
TERESAAL DI AR Cp/(TT/KW) 1500
fiti B B2 B AR Ce/(JT/(KW-h)) 4100
FE BRI FL AR Cruy/(JT/(KW-h)) 0.60
figs B HLMT A% Co/(UT/(kW-h)) 0.54
PIA R IES A Cop/(T0/(KW-a)) 0.12

i BE AT TR Croin~Cinax 0.2~2.0

fi BEar AR Socmin~Socmax 0.1~0.9

Ak Copula #2244, I 8] 43 #2410 min. H XGHEN

HETTEWHE Bl Frax, #7Y Copula BRI
Spearman 1 Kendall A5GV 446 Rk 2 Fros.
%2 [ Copula BHHIIEEITEL
Table 2 Comparison of the fit of

different Copula functions

Copula Kendall f& Spearman Fk

EEesd (HEAXFH (HEAXFH
Normal data 0.8254 0.946 6
Normal-Copula 0.7917 0.9420
t-Copula 0.8090 0.9329
Gumbel-Copula 0.8217 0.9539
Clayton-Copula 0.6227 0.808 1
Frank-Copula 0.8270 0.9626

HHFE P B1 S 2 mI 0, RS XU KU 2
GrA ) e BT B A SR AR E A b, R
BT AN XU R 37 1 R AT A O, Kendall AHORE
ZRHEOKT 0, Spearman #HIPE REEK, 25 LrTLL
IR KGR #E R | 2 AR SRR YE, 7 &
LB
512 ET &R Copula B HUR

MR HE G N B RIS = 4EBh A Copula A7
T AR SR 3 s

%3 RESESNE

Table 3 Parameter list of evolutionary equations

1T A a B 7
C(1,2) 0.0132 0.0042 0.3224
Cc23) 0.6963 74332 0.4873
C(3,4) -1.0729 —0.1845 —0.5264
C(1312) 0.0182 0.003 4 0.2829
C(2,4]3) 0.4390 -3.6118 0.9334
C(1,412,3) —0.4474 —2.0974 -0.3220

BT SR EEE N 0% T, MR
UEASBE Copula BARGIHIN AL B X L7 X T
DR 5 P R 22 2 A B A X R Fy 1 B2 B3

Fim e

P XL R LI AT X B B B4 BS P,
Z B AR R, B — G KL IEAR
I 2 XOE A FH S, AEAEAEAR G
52 RE-HEZMEHKES5BMMKK

SRR IE AR SRR HE IR % R X R R A AR R X
H- 2R A S5 — KA B &
PR, ARG KT 6 1 R T RS 0 2 B A 45
fIsem, B — RSN WA b A N EAERE
YIRE N 90%, HRELLT 3 Mg .

Yyse 1: A5 R TR SR AT X HE B A 80 5

Wit 2 ANHREREA M, A% R R R

R
W5k 3. RS NGHAR S A LR AN, B
AR .

F R ARG RS WK 4.
T4 BIIRMRUHER

Table 4 Optimization results for each scenario

fifhe  fEEEA  XURREE RGIRHAL —KRBLE

i WKW B/(kWh) IIThEAW ESmAT mAT
I 12000  4800.0 174050 0 196730
2 15235 6094.1 155620 0 220080
3 15074 60295 155130 0 196350

R 4 XFELmT 50, 5 1 gt 2 BLE ik he
i, KAEREAL, HRAEFHAET . HERH
ST Y52 %08 1 KA AR Y XU L 37 2 Ta] 1 XU
AEICME, KU S H D2 A T A R e, HL XU
FRY )25 el /N S BT AL ) T A0 £ FH 25 /), BT RA
— RS RE T R ) A B R, MifEs s 1
WA 2 R XGE AR R, KL SR RO B v, KWL
JIK, TR B — & S K. 1R S b KU i
RGLN T, F5 2E 1 AHAR R 7 T8 () RGE AR 56
PE, WRESEMERATHEN —REHEEAL,
WINRgmE w2 ioea g, MRRBRE KM
BN, KEFRARETER .

XFECFE B6. B7 FIZR 5 Fidgs 2 I 3 19EUE
AIED, FEH B KRR RN 2 )5, KHE-fEREE &
G PRI A T L RRAS IS A — R L 1 FAIG,
RGNS ST o Le A BTN . R DR AR
LSRRG, I N I X 52 1) R IR
2, TR JRUBLART 3 0 RGBS A B AR, a2
FACT EXRA XML F4b, B8 R4 R AE A5 R — XU
Yy B RHIL 7 ToL e 7= A — s ) (A ZE R, B AR



% 8 W R A R XU R AR ) Ui 28 58— (R AU i B S s 2977

A, WOLEEREI S DR T A BT S, (H2H )
e U ) AERFIGS TR BEA, A9 BT A 11— DR A % Y 2
RS, (AN, PR Th A V) 8 P A g HLfE R
B, Bl LAIZg 5 DUH TR ) TR 0046 P 7 B R AR
Wb, fERES SIRPUES L] LTt FERBFEE
Mo R, 25 R XS RN, AT LS D & R A G
fEREAE, WO ZREM, BRBE LS E A .
x5 HR2 3HUATSH

Table 5 Scenarios 2 and 3 optimize detail parameters

Sy W52 W53
PAEIR S R G A 7T 220080 196350

T REZ B /(KW-h) 6094.1 6029.5
PR IR SRR KU/ 76 202620 201980

fili BB IS 5 B AR/ T 7060.1 6794.7

i EiESE RS 5 R % 20.53 22.46

) NSRS 5 % 98 100
5.3 EBHERE I E DB 5 B REE 747

Yw aalA 1~4, & 3 HlEL 20~50 B, XUHL-
AL RIS AT H S R WK 6 Frs.
F6 ARIRBTXE-EERGEAMBRATELER

Table 6 Results of total cost of wind power-storage system

primary frequency regulation under different coefficients

L AR
S
w
20 30 40 50

1 6477.4 6534.1 6556.5 6568.5
2 6128.0 6395.8 6477.4 6513.7
3 6434.0 6024.0 6339.6 6432.4
4 7675.0 6153.0 6340.0 6298.5

HE 6 TN, BUE REAEIIRSEOT 45 R
BN, ARCRERT R w=3, HIEZ%0s =30,
BER B RGTIBAT A LR -

SR B8 VI AR SRR H TR X E AL ZEL DR AR ) 2 R
73 TC SRS TR A5, 8 B P P R A R S AT L

TEWE 1 A 235 57 4 e Bk o0 e 7 3

TREME 2 SR AS SCRTHE () VR AT T 28 2 1 40 B 1 ek 2%
orlic 7 2.

BUE—IZ] A R D6 T X R — 2
(1) 4 G 40T AR ATE R B9 RBLIR A 0T b &5 5
Wk 7 s

HI2 7 AT, A SCHTHE B 11 X FATLZH ek 5 1 A3
S TC MG BRI T b XU X FB L2 sk, DA/
AR A PR P ) R ) ARETR 7, B XUBE R FH %65 42
e N RUA] R AL Rk 2, J 0 I e 4

=7 KEBEFHPXENERRINENTLE RS
Table 7 Analysis of wind turbine load shedding power

allocation results in wind power clusters

. R/ LSS Hg 1 il 2
A5 - . .
(m/s) ¥id/pu WER/% R/ %
DFIG1 14 1.19 3 2.85
DFIG2 12.87 1.09 3 2.86
DFIG3 11.81 1 3 3.12
DFIG4 10.9 0.92 3 3.86

IR IR AL A B RE, 32 m XU AR P e . R
715 I ARERRFE

Wise 3R, SEEE 1 FISRES 2 X RGusiT LU
ISR 8 FT7R

®8 17FE 3 THRE 1 2 BITER
Table 8 Results of running strategies 1. 2 under scenario 3

WA RS RS SRR
” WEEATT RERGWR)  FRURAT
g 1 9940.2 10621.0 13829.0
T 2 6024.0 8415.6 10957.0

HIZE 8 WAL, SRHIASCH R T3 73 P Hems e ik
A S) Sy PSR PR T 39.4%, A SCPTIR ISR
a5 LA 7] G 73 BE TR 46 - 3 i 17 XUREA
R, fERIERGRGE TERTRTIR Rt 1 REtistT
2tk

6 ig

AT B AR RERONE, 2 — T X 37 A XL
35 DX AR DA AL ALl 2k A A0 O B 5 o L SRS - A
27 NSRRI G 2 5 — KRR BT
EAR, FEERIT.

1) 2% 8 R P AR R 250 AR XU A 56 1 e XU HeL 3
P25 LU RS2 MR DX 2 DX A 2 A [ £ ¢
B ThAR oy Fosms, w LS T URERI I, 870 Rt
BB WL ERE

2) il 75 R R R AR RN e A X R - FE
fERE R B E ik, B8 T HREE BAEE A |
PR 2 A FIZ 4 FfeAS, RIS IBUX AT e, $2
THRGURIEREABAT T, XEET R ) R G0
KW EA R PIEN,
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