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Abstract: The configuration of energy storage in wind farms to participate in frequency modulation (FM) auxiliary
services is of great significance because this can considerably increase the income of wind farms and effectively im-
prove the resulting power systems’ flexibility and stability. However, in their actual application in wind farms, they
currently face several challenges, including poor accuracy of wind farm output prediction, lack of rationality in en-

ergy storage capacity allocation, and greater difficulty in FM capacity estimation. To address this issue, a two-stage

model of FM capacity estimation for wind farms is proposed, considering output interval prediction and the opti-
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mized configuration of energy storage. The Stage 1 model addresses the problem of the low output prediction accuracy
of wind farms, and the TCN-LSTM-Transformer quantile regression model is used to predict the wind power interval.
Specifically, TCN can efficiently extract rich time-series characteristics, LSTM performs time-series model model-
ing, and Transformer effectively captures the long-term dependence of data. These three components work together to
accurately determine the fluctuation range of the power of the wind farm. Furthermore, starting from the wind farm’s
historical wind abandonment data, the improved butterfly algorithm is used to optimize the allocation of the wind
farm’s energy storage capacity. This ensures sufficient energy storage capacity to meet the power system’s frequency
modulation needs when the power of the wind power fluctuates. Then, building upon Stage 1, the Stage 2 model
estimates the wind farm’s optimal FM capacity under different confidence probabilities based on the wind resistance
limit, further optimizing the wind farm’s economic benefits and system stability. Finally, the actual data of a wind
farm located in southern China are selected for simulation verification. The results indicate that the estimation error of
the proposed two-stage model is reduced by 55.6%, and the economic benefits are increased by 2% compared with the
point prediction method. This case fully proves that the proposed method can provide effective technical support for
the flexible transformation of power systems driven by wind farms.

Keywords: wind farm frequency modulation capacity estimation; improved butterfly algorithm; optimal configura-
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50% ~ 60% ; HARARESS 3 LR 1) —3 5.

55 1 2R DR A W R RS DR
TR,

55 2 G BSR4 MU T 2R 455
MR p o3 AR R RA MY ZR, TR

oIS [rand( Vg - S[']fi rand()< p
S +[rand()$! -5, | f* rand()>p

1)
Kb sy SRR S, il Fm kBl ¢ 205 i
AN B LS kIR ¢ R
BUEARUECT I MR T 585 1 o5 | DI
FARIREE 5 rand () 20K 0 ~ 1 Z A BEDLEL
55 3 4R BR A 5 T T 3758 LB (exchange
market algorithm, EMA) H~F- 5 Fr Beitb 4758 S, B
YE? = aYE + (1-a) Y (22)
X, =2r (Yl’geroupl _ Ykgroup3) +2r, (ng’zoupl _ Ykgroup3)
(23)
R, yrom SR 2 AP o A Yoo
A YEer FROREE 1 A BE B B 04 T A 00 0 1A
yEor FoRME 3 AP BENLERERIES b AW A
a.r I r Y0 0~ 1 Z AR BEALEL.
FRRARR ) 988 A TR 5, BRI
(uy, —d)(1-a") a=05
A_ia—¢xvﬂﬁ

Y:(l—%jz (25)

e, FOREHTHT A AS B R BRI 5 4, FR
FIT AT S HERI AR ol A2 ) B /NP 5 o 7R BB
Pl A i 5 g R HRTEREG 1 FoR BRI
z WIBIRSEL

(5) IEACHICSE. DRI 713 1 fie Rk A QUL
AL, WAt e A s e AN AL, WIEE A IR BR,
HERRWSE - MR A R B E.

£ LA, AR SO R H B SO R SR R A AR
N 3 FiR.

TESEIRBTEE | MARRER i S IR UL E)S , B
ZAGEN T ATy s 3 XU A0 X Dy M AR T Y
fERE R GEMCE 7 5. %07 R THERE R S IR
DA, PR R XE & R ARl o H
b, EMCIEG b, BYB 2 R RIERE RS TZE
AT RAURIFOMT , B et — S X i b
W as MR G ke k.

a<<0.5 (24)

F R B
P
PR —— | I y
O T, prs e | [Fodl, s o] [ oo fom ||
A | A ER AR5 iEERE )
(R D o
M IEMAY-
gt (21) ks e X
S BT
A
1AL A IE] [Sodl: mrAmime| [B3dL: i A s
SEERIE | [ Ak MK R
[ I I
Tkt~ 7
UH
R

it A e
I dr Ay

B3 MUut#iRELRE
Fig.3 Flow chart of the improved butterfly algorithm

4 EHISH

SR P 5 1 X XU H 37 S5 R IXUHS, 7 sk 508, SRAE
ZH 10min. Hop, ZXIGIEA 25 & 2MW BRGE
PR = R B S KU A L.

4.1 BB 1458k AR
411 ffeE=mE

TSR SRR A I F , X ELE I T 3 R
W, R BRCEARINZE 1 RO KU g A I
HREA EACE LR,

®1 TEfERERM

Tab.1 Different energy storage batteries

s IF A/ A FURCH | F i/
Hi it 37 _ — o
(FTEMW) | (HIe/(MW - h)) | &% | a
T IR A L it 600 1 600 095 | 25
B ALY 800 1400 085 | 15
SRR L 1000 1200 0.75 | 20

(1) AR 1 R RE IR R B o, 3 1 e L DX 1)
FRCRZN 4% , FizR Y 1a 1907 LR AL
B, LA 4% FEEEE A X 1a BRI,

(2) CiE TR SHGR AT  FRERUE
100, fe KIER R ECH 300, Bl B 25 W H A0,
50]MW - h, BCE D2 [0, 10IMW. il 5585
BT 358 UL 2 A (R el b I B, DA K AR Ui
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Fig.4 Change curve of wind storage system annual revenue
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Fig.5 Optimization of energy storage power as well as
allocated capacity

g5 45 WAL B X 2K (16) H A RN A A%
Py AT, BUGE S/ Py, Hitp Py e [8, 16100/
(MW - h), 25Kh 2 50/ (MW - h). HARZER gk 2
JF 7, FH O AT HT AR SCE A AN B2 A A% B 12 o6/
(MW - h) , XUH B 4484 570 o0/ (MW - h).

®2 ARIAMAMEM R

Tab.2 Impact of different FM compensation prices

yGu W 1y | PRI [ RS
(MW - b) a7t
8 1.3 19.2
10 1.1 22.6
12 0.7 25.8
14 0.9 29.1
16 1.2 324

LA, MR G I PR AR S AN TR ek e 5 XA 10
PRZIR (WLFE 3) , AT AR FER AR HL T PO BRI H
T, BRI R L Tt BE A 5 AN SCBUE R Y AT FR 2R
HARM R Ry, IR, AN SO 225256 e BB IR R A H

AR, FAGAIAERE R &L E N 10 MW x 1.34 h.
K3 BEEHEREAER

Tab.3 Optimized programme of energy storage

R iftners e | mfifghe Wi%%ééiﬁﬁ‘iﬁt
BE/ (MW - h) | /MW AEY R Tt
TR A FL it 13.4 10 245
L Tt 15.2 12 22.1
SRR L 18.6 14 20.3

AR, P A SCRTER S A e A5 | S R e
AL TR (particle swarm algorithm, PSO) | JKAR
B (gray wolf algorithm, GWO) | Ak 7 it fZ HE 34
£ I (non-dominated genetic sorting algorithm 1II ,
NSGA- 1) | 9E 3 Fic 35t 4% HE 7 5532 T (non-dominated
genetic sorting algorithm Il , NSGA- ) L) Kz i 54
1 (butterfly optimization algorithm, BOA) 3K fi# (4%
XFEE, WER 4 FoR. HER 4 A1, G e L Ress
AL , B2 XU RGP , A SO
#ATE] T LS,

R4 FERLKBEENERTILE

Tab.4 Results comparison of different optimization solv-
ing algorithms

ok ARt/ m%%éﬁ%@éﬁﬂﬁzﬁ/
(MW - h) JiJt
PSO 13.2 22.7
GWO 12.6 17.2
NSGA-II 12.9 213
NSGA-TI 12.4 15.1
BOA 13.1 224
A SCE 13.4 24.5

4.1.2 Rz R AR

TR BT R AR R AR I8 A SO 4R th 1 5L T
TCN-LSTM-Transformer 43+ %5 [m] ISR 7Y {16 o] S A
TR

(1) o [X. 7] 7 75 2% (prediction interval cover-
age probability, PICP) #5560, 115X [a] i Al FEE, B
FCSAELAE P DX (A P A6, X [A) 3 55 ZR (AR
N FRoR AR (] Sy, Ha e =Ch

l N
0=—>c (26)
N; /

1 Vg€ [Lﬁ,Uﬂ]
Cg —{0 ¥, €1Ly.U,] (27)
AP N FoRBN SAEL Up. Loy i 27 50 X ]
MR
(2) I X [6] -4 56 B (prediction interval ave-
rage width, PIAW) #5435 W. X [A]5F-35 58 BE (E /)N, )
FIBIARL G T P RE AT, TR
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ety Ul (28)
NF

Kb U, L BIFoR BAG XA bR, S Hin 2
R0 AR, 3N W R PSR AL

MR SBOAEE T : TCN 250 =4, LSTM Fajif
BAST = 128, Transformer k%% = 8; RO EAEEEN 70%
YNEREE, 20% B UESE , 10% Fiit4E.

FEA5 o3 A TS [ B (AR A8 XU D 3 o]
ARSCRIU BAFACE 518 90% . 80% . 70% , HHi
M X [ Z5 R uE 6 frs.

s0 |
40 pi

30 F

R T2 /MW

20

¥

90% &A% X.[1]

10 +

I vy 1 I
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5F[8]/10 min

(a) 90% 1% XA

R Iy 3 /MW

¥

8OV EH 5 K ]

1 VI i 1
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— PRI - R
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Fig.6 Prediction results at different confidence levels
R 5 RN TR EAG KT 2 B8 i T g
XL A R, e ST T, AR SRR L)
84.1% ML %A 11.4MW X R SEREHE T TCN
LSTM F Transformer FHY, FIAHE T HHIKE B

M E MR ALRE ). B BARACEIN 70% B P4
FHZ 90% , A SCREHRY PR RSO 1 3 5 RS RKRITIX
8] B BE P, R AETE 90% BAS XA T , AN SCR R AE
TRHF 94.7% B 35 K (1) [R) i, oK X [R) B8 BF R 4 &
22.3MW, & LSTM /> 10.2%, %% Transformer F7I
AR 2.6% , P T R IR R Y AP A
) XF b & B, Transformer HE 90% X [B] T 7 55 2K M
1 0.7% , (RAEARE 5 DX H] (U1 70%) B3 o 38 3 Jal o
PR, TASSCHEEIZE 70% ~ 90% E15 XA PICP %3
W E B /N (£4.1%) , FeI0 B am A E e. SCBR i
W PRSP UCR s dEUGERE 90% BAF X [R], LR AR SC
RERPRAE 94,790 XU 76 55 5 RS PE DL e s v R A
70%IX (8], 7E 12.5 MW 1% 8 B2 FATSORAIE 90.6% 7
TR, B¢ Transformer R FY 456k X 7] 8 B 3K 34.2%. [
WEHE 7R R B, ASCRAE AR R &5 K IR
PR 55 5 5 DX ) 0 B3 ) B AR, Lt 25 SR A L T 4
PEFNSE FE.
x5 ARAEBEAKETHTNEEE

Tab.5 Prediction performance at different confidence levels

BEXI TR /% WIMW
TCN 82.1 25.6
. LSTM 83.5 22.4
=%l
Transformer 83.7 11.8
AR SO 84.1 11.4
TCN 91.1 23.8
LSTM 93.6 24.7
90%
Transformer 95.4 22.9
AR SCHRY 94.7 223
TCN 90.9 21.9
LSTM 91.7 20.4
80%
Transformer 92.3 18.2
AR SO 90.9 17.4
TCN 87.6 16.8
LSTM 88.6 17.5
70%
Transformer 89.5 13.3
AR SO 90.6 12.5

WA, R 1 B AS SO A AR 3ok P, 58
AR R AT (R L PR L KRR AR #E1 7
A 53 , 45 KU HL 37 B 7 DX 8 B0 < 5 L0 5 k4 T
T 2 B RN H BRGR BE > 700 W/m2H =45 < 30%; [A
RN H BRBREE < 250 W/m2H. = > 70%; KKK 5
RRIRUR T R 43417, R R KUK Ry H A2 XU >
6 m/s, fIRX KA HFH4 R < 3 m/s. IR435)45 TCN
LSTM . Transformer #AIFEFTXF b, 255058 6 B
N, UEA T AR SCRT ARSI Y (14315 3k 1 o3 FH P
4.2 BB 24EBIK AR
42.1 KR35 E Akt

FEXPROGIRE I 2 X, M4 XUHL 3 1 2y 2 FRAE
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Tab.6 Predicted results under different weather condi-

tions

KAEA TR R 0% WIMW

TCN 83.1 24.9

B LSTM 84.3 22.1

Transformer 84.5 11.3

AR 84.9 10.9

TCN 80.9 252

B3 LSTM 81.4 22.8

Transformer 81.7 11.9

AR SRR 82.3 11.4

TCN 80.3 25.7

R LSTM 80.9 234

Transformer 81.1 12.6

A SRR 81.9 12.2

TCN 79.7 26.1

IR LSTM 80.5 23.8

Transformer 80.6 13.1

AR 81.4 12.9

V&, BEH K 00: 00—06: 00 Sy HE R i 32 BRI BX
KU 0 8 T BRI R 25 MW, 52 BR B BE 4 1 g FR
B4 50 MW ; BFXF m KB & 3 X, SR T i
i Bz (08: 00—16: 00) KL H HI I FRAE R 30 MW ; 7%
fi] 81 s 57 BB (00: 00—06 : 00) FIBRAE K 25 MW ;
At BEBRAE K S0 MW, JH B A SCRE B XU 375 A
OBRBE XS, ILAh, MR R A mHE IS 4.1.1
B ERAET RECE N 10 MW x 1.34 h.

TERR R BL, iR RIS X, X A S
S, Rz, fEIEZIRATEL, fERE RGN,
[T XL 3 2 SR . A4 7000 2y 2R 45 S A )
AR AL, TR TR R Tk B XU 35 1) R0 g
1. HEH B RAS EILERN , AR F M ERETR
L FR (10 MW) Bl R 7S & (13.4 MW - h) . M55
RN 10 MW B, SERETCIE AN ; 2 7%
KE| 13.4MW - h B, fEREFEIEWRIR. £ 7 AR TR
PEAE] B G AT B X R A5 5, Az B KU 370
A RAlTE. XTI LT TCN-LSTM-Transformer
AEER RTAEARY | o f A S RAE S, £= 0.5
RS 2.

Wil B A B, AR 7, Fe T A T X [
AR 25 R R D o T A VR A 2 A
FEHTE 70% ~ 80% MY EAE XA . N T #E— 5 1EAhix
YOG HERR I , AR SR XU 3 & H B, PTAS 5
Pra iy sz sy 12.5MW - h. & 7 S8R TR
WA AT S SR AR IR 2. IR ZE T, 80% E
{5 X[ IR AR A AT 1.6 MW - h, J24 K
1) o A VR AL 255 1 R A, S B R S R 1R 2

04MW - h. AH b T &0 # W 8y R 2 D
0.5MW - h, I, ATLMSH , SR BEOAHA & PR
2 X [) TN A% SER B L A TR A S T T oK

7 FREBEKETRENARES

Tab.7 Predicted frequency modulation capacities at dif-
ferent confidence levels

AN B X ] WG IR &/ (MW - h)
sl 11.6
70% I FR 6.3
80% I FR 5.8
90% I FR 3.7
90% T~ BR 43
80% I~ BR 12.9
70% T BR 133
10

8.8
8.2

8 F
‘-; 6.2 6.7
ERA
2
4T
it

2+

0.9 0.4 0.8

0

NI
ORISR A
o Q

&
&l &
I R S
AN AR X )

H7 BNENE RS RIRENRE
Fig.7 Errors between the estimated frequency modula-
tion capacity and the actual value

422 R4 R G E AT
AR A 1B 15 A AL AR A3 e 55 T 4558 5 WL
W, e K EMBER A 570 J0/ (MW - h) ,
PASAMEN AR N 12 J0/ (MW - h) |, ZETT A% S XUH
Yy L MAAR R 0.04 1, THE RS R GEllss. IR
AFTE N 22, OB ST AL S . WU R 5
W g e XU 37 e i B (R 0 7 i 2 O
ol 2 VA 2 O 22 R AT S R A T T3
IR AL TS MU R R AnE 8

P,

30

26.575 27.13526.927
25 b 243552413853 67223.857

20

10 }

W 203 o0

RPN NN NN PN
AT A X i)
E 8 AEEBEFEKFETHRERSWE
Fig.8 Wind storage system returns with different confi-
dence levels



2026 42 H

PRI 25 IR DX R T A RE DL AL IE B A4 XU R A Al T o B R - 131 -

M 8 AT, %1 80% (5 DX [A] T FRES 7 XU 1A
S AN T, BT XUH SRR R A
129MW - h, Wi RGeas ik, i 27.135 710G,
TR RAR S FE Al T R B AP e k.
4.3 AEfEEERE X X BZEMEEMSITIFm
T RERC B S EUR I S I 2 R A, oA
SCE— T R RE L B S B A A SO Al )
PR T SE S A, 435 EARREIC BN 6 MW x
1.34h . 8 MW x 1.34h, 10MW x 1.34h Fl 12MW x
1.34h 4 S8, £ 8 Al T R IG I SEBR A%

A TAREET TCN-LSTM-Transformer 43
A7 5 0] DA ASE AR X ] o000 75 38 g A0 A 2 A R A
TR S A R A BE L B AR A B O, Forh XU
Ty & DX ] F50 00 s 0 25 SR H4 He T TCN-LSTM-
Transformer 4337 £ 8] B EAA5 5], o T 25 S
Ry EHRE R A7 A v = 0.5 BRG], h#FE 8 1T
A1, BB i RE 2 R B A0, XU 37 S PR AL Y 3
WA TSI NN, [ st WA SR Y I it B 15 2 43 9 AR 3
e [a) .

x8 AEfERERE TREBHIFHEEXILL

Tab.8 Comparison of wind farm FM capacity under different energy storage configurations

TERETH /MW | fEREZS R/ (MW - h) | SZBRIESZA R/ (MW - h)
6 9.3 3.4
8 1.6 10.2
10 13.4 12.5
12 16.8 14.7

X I R AA B (MW - h) | G BN RS T (MW - h)
3.8 1.7
10.0 8.1
12.9 11.6
14.0 16.7

4.4 FERBINENKEHAMT=HITHZMm
R REA ST A Rk, EBUZ A 5
Hh—R I FLIBAG AT KSR A A 1T, 3% 9 4
W TR TR B A5 AT X 8] 150 245 SR A B 4 XU HR 37 1T
PEAEA IR A AT, I ORFE B ER T X L)
X [B) B K o5 T 25 SR 3 3 F TCN-LSTM-
Transformer 4337 55 (5] U A5 7Y 45 3] 5 Hoep o5 T30 25
g AR RS A3 5 7= 0.5 B RfRA53).
x99 BETEXBENEEAREBEKETHHRMERREE

Tab.9 Predicted FM capacity at different confidence lev-
els under another wind power output

AR EAF XA B RS 2/ (MW - h)

il 9.6
70% 1 FR 6.4
80% I F 53
90% I Fi 7.1
90% T FR 5.5
80% IR 10.8
70% T FR 13.2

R XUFL 37 ) L5 L ESHE | SRAS XU 3 S Bt
BER T2 11.5MW - h, i 9 Al E 1, R
P 809 A5 DX [A] T BRIk i) XU HRL 37 00 75 1 5 XU
Gy nl S AL ELACRAR A AR 25 050, 1o H AR
PR AR, 10 25 TARYE 80%E (5 X [A] TR
oA R R 7 A5 255t FTAR o 0 LA B, R0
A THE -5 SR 25 15 2 [A] (14158 22 F1 XU R SR AP IR
5. R 10 AN, MR E A XA Al R S AR 2R
ST FR RTINS B SR A 2 (R TR
KU R G AE I 25

* 10 AEHEFRUEMBTERERNERFEE R
Tab.10 Errors in predicted FM capacity at different pow-
ers and annual returns from wind storage systems

) ?:: 7] ﬁ:/'_‘?g e / .
| e o
Jwibil| 1.9 42.353
80% Tl X 8] T FR 0.7 43.274
5 & ¢

ASCFHET KB IR A EM, TFR T— 1Mk
B R 7RG T X H B 23 el A A i R AL
b, R A TR A T Ay k.

(1) B 1 BERVEF X BA 5 BEANHA & PR XU,
H 7, #57. TCN-LSTM-Transformer 43+ %% 5] 5 $5i ]
B, S@ AL ARGk A AL AL BIH S5, RERETE 45 &
BEMERT , A U DR AR T DX 8] DL KAk
Wi R G AR g B, R 552 5 B i 58 X
A E GRS, JF A5 B 365d FEXIN
R, A B s R A T A RIS %, S T) T iRE
LR IDERS 2 €

(2) B 2 BEBUET XA REOUAIC B n) R, BT X
HL D)8 AR IX (R TN , 2355 XUrBL A 4 7 BR ] A it R T
BOSE, PEREG IS I B R B DX T 45
SEL T K SRR A B AL T D AR
ARSCHR H R BSR A AR T Gy AT Ok, B3
BEAR TR A iR 22, T XU 2 573 .

25 b ARSCRIWT SRR AR T — RIS AE R, i fifiAE
F G RE A WSO XU HS 98, 0 Ak X H, 3 %) R A
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