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ABSTRACT: [Objective] To address the insufficient system frequency response capability caused by the diversification and
uncertainty of grid inertia under high renewable energy penetration, this paper proposes a method for unit commitment that
considers diverse inertia sources as well as the uncertainties associated with inertia and wind power. [Methods] First, an
inertia uncertainty model is established by integrating various inertia sources, including synchronous generator inertia
controlled by the dispatch center, inertia from small-scale synchronous generators not directly controlled by the dispatch
center, virtual inertia, and demand-side inertia. Second, a data-driven two-stage distributionally robust optimization (DRO)
model is formulated to characterize the dual uncertainties of inertia and wind power. The 1-norm and %-norm are utilized to
constrain the confidence set of uncertain probability distributions. Meanwhile, dynamic frequency constraints are
incorporated into the second-stage model. Finally, the absolute value terms within the model are linearized, and the Column-
and-Constraint Generation (C&CG) algorithm is employed to solve the two-stage model. [Results] Compared with the unit
commitment model considering only the inertia of large synchronous generators, the proposed two-stage DRO model, which
accounts for the dual uncertainties of inertia and wind power, demonstrates superior frequency response capability and

reduces the total generation cost by 3.3%. [Conclusions] Compared with other uncertainty-handling methods, the
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constructed model achieves better economic efficiency than robust optimization models and enhanced robustness compared to

stochastic optimization models. It effectively balances the relationship between economic efficiency and robustness, thereby

ensuring the power system’s dynamic adaptability under high renewable energy penetration scenarios.
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Fig.1 Equivalent inertia sources in renewable-dominated power systems
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Table 2 Comparison of results under different
number of original scenes

Bl A4 SIRATT G
100 253.39
300 252.97
600 252.39
900 252.16
1000 252.14

e 375 S5 WA 238 0 A, HE TS ) & L S RUAS o BRI AR
IR A AT 25 A T A (1 -5 B R oo Y 550) 29 SR AE A [
G T LSRG R 5 a5 ] 1 &
S BRAS

D ZRG AT AN ) ELAR BE X kL B AR 1Y
A0

AT Z=1000 B AN [R] A5 BT LA gl SRxs
P, oW e 5 SRR 3 i . R 3 LIFE
Mo, 5 o Hoh— A EAF R A0 G ) — E
fFREERIE K, A S A SR X2 AR A &
15 BE R RN, R A A DX )3 K, 5 30X L RS ot
B AR 37 55 0 R 3R U B3 K, B AL AR B A AN B
K, MRS, SR A R I 75 2225 SR AN R 9 1
i, T S B T A T

#3 Z=1000 AR EFEETHABRBA

Table 3 Total cost of power generation under different

confidence levels when Z=1000 Ji7t
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Table 4 Optimization results of comprehensive norm and
1-norm constraints when Z=1000
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Table 6 Unit combination cost under each scheme JiJt

HATHsl  HNgss HNSSs

UES - S a Bl
A BATA  FERUEAR
240.84 0.57
240.76 0.53
HE— 2.51 244.42
241.59 0.74
241.62 0.99
240.54 18.11
240.27 16.51
TR 2.49 260.76
241.25 18.70
241.13 16.52
241.22 8.63
241.04 7.88
HER= 2.51 252.14
241.87 8.91
241.62 7.31

P 5 FTET 6 J& =7 SR AR ML 5 1R B e
KAFACHF R L. G5B R MES 61T H, )7
G — i RUBAS AR R I, (ELB3T 3 di R AR A 3 Al
PR B R AR I B 3 MU ER (L, AR e . %
JE T SR LY 5 5 TN R R P IO AR 4R
PRARAE 22 A R N (B T7 58 = 3 KUSCAS iR AS 24
T 757 5 =, HLPIIIUR A48 bR A 4 42y R N 9 728 1
WAL T I7 % o X UEHIA SO 4R 7 ik AL RAE SR
L ARG E MR AT 3 AR5

157
1.4f
13f
12+
11t
1.0t
0.9+
0.8+
0.7t
0.6F
0.5
04f 4
031 *3
02F
0.1+

B FIRFI N/ (Hz/s)

O 1 1 1 ]
00:00 06:00 12:00 18:00 24:00
BF %)

E5 HRIZXFRENRFREAETUE
Fig. 5 Scene 1 maximum frequency change rate of each

scheme in each period

4.2.4  SIAANHRE MR T

SR UE B AR SC T4 P B B o A1 - R AR A B TR 1 22
Ve RGP B A B i ik 5
BEMLOLfb 7 ik A A Ik A 25 S AT
XFEG A BT o e BB AL Ak 12 i D A R 3

50.0
498
49.6
494
492
49.0
488

7 FMA BRI R/ He

48.6
48.4

48.2

48,0 . ' ' '
00:00 06:00 12:00 18:00 24:00

]
6 BR1IEFEBHERMERMRR

Fig. 6 Scene 1 lowest frequency of each

scheme in each period

W53 500 0. 271.,0. 238.,0. 242.,0. 249, B AL T5
25 TP A e PR 2R & U e 2 L sl Y
AR Y 20% . =4 7 125 18 L B AR 4
MR 7R,
FR7T =MRALTENRBERBAR
Table 7 Total cost of power generation of the three
optimization methods

URIVsR7S SARTT TT
BRI DT 253.29
REBLIR AT 2% 252.13
W B A B LA ik 252.14

H 7 0T LA & B A vk A fee ey, TR
BT 5O VORI S U T AR 10 25 5 O 1) £
S, HE 2GR 2 5 BEALOR Ak 7 vk X g () Ak 45
Z VR R (AR S A 22, B AE TR S B 1
AR Z2 1% 0 ME DA SRAS S 0 5 A 2 1 B A R
A7 5 10 50 A 6 R A AR ASE Y 1) 22 B M A T 6 s e Al A
B, RORTEZ T g o T RENLE ALY (0 & AE B
MLOLAE 7 v 1 St 125 18 T MR 37 S 3 o0 A 1Y)
{5 X [8], H A3 S 36 Bl 4 T 00 R I HER (A,
PR T TSR (4 KRS S ), LR T ) R G A T AN
B P e

5 & ¢

AR SO AR TR A 9K s A P B B A B R LA
PR ) o A6 e MK FL ) U AN 1 25 B0 0
B, A DU R S5

1) e it e 2 Aot Aok 50 CHAN B 2 1 1) A e
By A1 B UC BE BB T R I B A0 4 4 2 SR
PIRY BE UC BT AE A 2 A e b B L T

http://www. cepc. com. cn



156 NI S

47 &

A7 BRI [A] A0 e A ML 1) 5 Bl 50 AR 2 TR Y
B Be UC LR, Jir S A5 10 255 1 R R[] A5 A B ALAGE o
B RE VR AL HE S5 /N R[] A e LA LA %
ey D55 B9 b ] S A5, A AR T AR G K L AR
Fragam 1S

) TEATEVEAL BT V5 b AR SCH B W B B o3
Aii 5 R DA AN A T B PR AR B e L B A B
i MBS T BEHLOE AL R B I A B i ) B 1, RERE T
AR RGN SRR IEZ B E AR

3) A LA R - B RGN Y
SRR G, B0 AR AR 20 A1 AN W I LS A,
17T R AL SR S0 A PR AT AT L AR AR fige et At o ) PR ST
P, RSB I 2 GE4E 5 BEAE R 5 K P (9 42
Th, EAR DX K, BERLAS B A9 A i E Ve b 2
FER I8 5 BUE S AR 230 A1 251 B 255 A 19 L
Ths M T 18 135 R oo - YR L3R, 25 Y5 K0T
SRS 5 BB U B ) LR T 5, R T 2R B A

F 25 52 &= BA ( Conflict of Interests) :

PR VR P A AE M 2 R

%% 537 75 B (Authors' Contributions) :

sk AR TR e SRR B SHESR JF S 50
RS SETT R SE SOCER M B e SRS S
BT 5 X 2 S0 R 5IRIE R E T 2 B
IR FRZ 5 R IWRES 58T 5t 2 51
SCHE B SAEIT . BT A VR S O A T e U4
IES

6 ZE3Hk

(1] S, 224000, 7v 8, 45 . BB ) Ry USRS S AL B

FEERR L], EAL T AR A4, 2023,43(5) : 1754-1776.

LU Zongxiang, JIANG Jiheng, QIAO Ying, et al. A review on

generalized inertia analysis and optimization of new power systems

[J]. Proceedings of the CSEE,2023,43(5): 1754-1776.

(2] FIRE X — BWIR 55 . B ) R GBI R A 25 S A A
LA A, 2025,42(7) : 42-51.
ZHAI Suwei, LIU Guangyi, TANG Yachen, et al. Online evaluation
of spatiotemporal distribution of inertia coefficient of new type power
systems| J |. Distribution & Utilization,2025,42(7) : 42-51.

(3] ZETA B ACA T Biv, 45 ORI 3 Sl A i) b 45 20
WL RS A3, 2018,42(8) : 22-30.
LI Weidong, JIN Cuicui, WEN Kerui, et al. Active frequency
response control under high-power loss [J]. Automation of Electric
Power Systems, 2018, 42( 8): 22-30.

[4] YAN R F,MASOOD N A, KUMAR SAHA T, et al. The anatomy of
the 2016 south Australia blackout: a catastrophic event in a high

renewable network [J]. TEEE Transactions on Power Systems, 2018,

33(5): 5374-5388.

[5] IMERR,VFd, F058 , 55 . DEE "8+ 9" KA Mo Bt Ko b [ Wy
MR ] i E AL T AR, 2019,39(21) : 6183-6191.
SUN Huadong, XU Tao, GUO Qiang, et al. Analysis on blackout in
Great Britain power grid on August 9th, 2019 and its enlightenment
to power grid in Chinal[J]. Proceedings of the CSEE,2019,39(21):
6183-6191.

(6] FARME, MRATT IR DT, 45 . &AM 2021 4 45l el xf 3k
BT RE IR e fa s D). o E LT R SR i, 2021, 41 (12)
4033-4043.

WANG Weisheng, LIN Weifang, HE Guoqing, et al. Enlightenment
of 2021 Texas blackout to the renewable energy development in China
[J]. Proceedings of the CSEE,2021,41(12): 4033-4043.

(7] skom B AT B, TR, 4. B RIR DL 22 R B BUZ 5 4R 2y

WRHLA A A ] R RE R 5 M, 2023, 51 (13)
102-110.
ZHANG Jiaqi, XU Guoyi, WANG Cheng, et al. Unit commitment
considering the sensitivity of the synchronous generator adjustment
coefficient and frequency constraint [J]. Power System Protection
and Control,2023,51(13): 102-110.

[8] et ARG AR, 4. B AR BRI N B SR 2T

BLHA AT ] A S, 2025,47(4) : 25-29,33.
QIU Xinghua, ZHU Zhiying, XU Zheng, et al. Unit combination
considering dynamic frequency constraints under deep peak shaving
of thermal power plants [J]. Electrical Automation, 2025, 47 (4) :
25-29,33.

(9] R, ik, SN, 45 . 2% He XU r AL 2L i 28 5 o 2 1 4 v

NARGEHHH G R I]. BT R 5 A S, 2021, 45(16)
134-142.
CAI Guowei, ZHONG Chao, WU Gang, et al. Unit commitment
strategy of power system considering overspeed load reduction and
inertia control of wind turbine [J]. Automation of Electric Power
Systems,2021,45(16): 134-142.

[10] M, wadle, T, 45 B UL TR 2% BB R I AL ol 2
ML G BUZ AR [) ). i, 2023,44(2) : 74-82.
YANG Deyou, MENG Zhen, WANG Bo, et al. Two-layer
optimization strategy for unit commitment with transient frequency
constraint considering optimized reserve of renewable energy [J].
Electric Power Construction,2023,44(2): 74-82.

[11] Ztie e, B30, BOARNE , 45 . ICHL I/ K o R A A T
ELT) KHBRRIERL,2022,40(4) : 208-211,149.

LI Shichun, LUO Ying, HUANG Senyan, et al. Estimation method
of overall inertia of small hydropower group in distribution network
[J]. Water Resources and Power,2022,40(4): 208-211,149.

[(12] WO, 952, B RENE , 55 . 25 JE G A R 1 DX ol 100 7 28 e 5

B PAIT L[] MR, 2023,47(2) : 423-434.
ZENG Hui, SU Anlong, GE Yanfeng, et al. Fast estimation
algorithm for on-line moment of inertia of regional power grid
considering load characteristics [J]. Power System Technology,
2023,47(2): 423-434.

[13] BIAN Y K, WYMAN-PAIN H, LI F R, et al. Demand side
contributions for system inertia in the GB power system [J]. IEEE
Transactions on Power Systems,2018, 33(4): 3521-3530.

[14] CAO X, STEPHEN B, ABDULHADI I F, et al. Switching Markov

http://www. cepc. com. cn



] 5K A T BB XU XU AN R P P B B A3 A B AR L 2H

157

[20]

Gaussian models for dynamic power system inertia estimation [J].
IEEE Transactions on Power Systems,2016,31(5) : 3394-3403.
KA ARV BBERCN, 45 . R T AL AR XGBoost I HL ) R
SR TALY ] HUTHEEE, 2023,44(8) : 22-30.

ZHANG Lei, LI Haitao, XIONG Zhizhi, et al. Short-term prediction
method based on interpretable XGBoost for power system inertia
[J]. Electric Power Construction,2023,44(8): 22-30.

B SO, SC e, Ay, A . XURE, 5598 325 1, 100 257 A0 1B G 3 T
Jrkll] WJr A gk g, 2023,43(3) : 124-130, 165.

BA Wenlan, WEN Yunfeng, YE Xi, et al. Probability prediction
method of equivalent inertia for high wind power penetration grid
[J]. Electric Power Automation Equipment, 2023, 43 (3) : 124-
130, 165.

R AT R g, S B U NI S E PR HLAL AL
L] i R G A Sk, 2024,36(7) - 11-21.

YE Jing, LIN Yuqi, ZHANG Lei, et al. Unit commitment
considering load-side inertia uncertainty [J]. Proceedings of the
CSU-EPSA,2024,36(7): 11-21.

NING C, YOU F Q. Data-driven stochastic robust optimization:
general computational framework and algorithm leveraging machine
learning for optimization under uncertainty in the big data era[J].
Computers & Chemical Engineering,2018,111: 115-133.

WS, AR TSR, A5 L T R B D o R ABE S £ T
B A A (1] IR HR,2025,52(4) 2 1-10.

YE Jing, ZHOU Zhengkun, HE Jiehui, et al. Two stage robust unit
combination considering load side inertia and fault probability [ J].
Shandong Electric Power,2025,52(4): 1-10.

IMVEZR, EEW, A SCHE 55w H s L s ) R G AR IR
IO A MR R B (D], o [ BT R 2 4l L 2020, 40 (16) ¢
5179-5192.

SUN Huadong, WANG Baocai, LI Wenfeng, et al. Research on
inertia system of frequency response for power system with high
penetration electronics [J]. Proceedings of the CSEE, 2020, 40
(16): 5179-5192.

JESCHE, SRR SE BRI, 55 T )T B ) AR G AR E RO A R
AT S SRR ST ). T AR J1,2024,37(12) : 3-15.
TANG Wenhu, NIE Xinhao, QIAN Tong, et al. Review and
prospect on application technologies of energy storage for safety and
stability of new power system[ ] |. Guangdong Electric Power,2024,
37(12): 3-15.

RIGEHEL, SCm W, e . 0t 22 el WA AR5 R PPl T i
[J]. AL TARSA4R, 2021,41(9) - 3065-3079.

LIN Xiaohuang, WEN Yunfeng, YANG Weifeng. Inertia security
region: concept, characteristics, and assessment method [J1.
Proceedings of the CSEE,2021,41(9) : 3065-3079.

SRR, S e R TE, A B RGBS I SRR AR
B[] P E R PLTAR I, 2021,41(20) : 6842-6856.
ZHANG Wuqi, WEN Yunfeng, CHI Fangde, et al. Research
framework and prospect on power system inertia estimation [J].
Proceedings of the CSEE,2021,41(20) : 6842-6856.
X2, B RIS, 55 . LT RGe sl AR L ) RS
UG o I 2 R A AT ST ()], A BRAE IR LI I, 2024, 7(5)
579-590.

LIU Xuecheng, YANG Jun, SHEN Jinpeng, et al. Analysis of

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

spatiotemporal evolution trend of equivalent inertia in power system
based on system dynamics model [J]. Journal of Global Energy
Interconnection,2024,7(5) : 579-590.

SRSCHE IR 2, e, A RS i ST AR RE TR AR
W) AR GERT AR R A 2R R ). 54802, 2025, 62(9) : 51-
61,72.

ZHANG Wenbo, XING Haijun, NIE Lijun, et al. Review of the
novel power system reliability assessment with high penetration
renewable energy [J]. Electrical Measurement & Instrumentation,
2025,62(9): 51-61,72.

R TUNT UG I, G5 L DRSEO A i 0 B S S Al B
5 e J1 VP4 R HLT]. WD R G H 3 Ak, 2024, 48 (16) -
99-108.

MIAO Cairan, JIANG Yefeng, SHI Lin, et al. Capability assessment
and application of fast frequency response load participating in
inertia auxiliary service[J]. Automation of Electric Power Systems ,
2024,48(16): 99-108.

MR T, EBEL, TR, &5 . At i fh vH AR an fe ge it &
WETTEELT]. I TREEOR ,2024,43(3) : 244-253.
CHEN Xinyu, WANG Chenqi, YU Chenyang, et al. Refined
statistically modified method for load-side inertia estimation [J].
Electric Power Engineering Technology ,2024,43(3) : 244-253.
T4, T8 PN KK AR T RO B ) R B RE S DD
JRUFRL R B WU e AL TE B AR [ ], i PR L%, 2024, 60 (10) ¢
54-63.

WANG Cenfeng, WANG Lei, SUN Feifei, et al. Two-layer optimal
configuration model of hybrid energy storage assisted wind power
frequency regulation based on fuzzy logic control [J]. High Voltage
Apparatus,2024,60(10) : 54-63.

XA, BRANER . 2% He YA AU AN ) 7 P RS BB ML 2 240 3R
L5 AR BRI EEAERL [T ). L TR 2242, 2018,33(5) : 1076~
1085.

ZHAO Dongmei, YIN Jiafu. Fuzzy random chance constrained
preemptive goal programming scheduling model considering source-
side and load-side uncertainty [J]. Transactions of China
Electrotechnical Society,2018,33(5): 1076-1085.

KRAR B L BB, 55 . Ak AR 2R 40T T4 i KU e A R A
AL A [T ] vp E R T AR 2 4, 2014, 34 (16)
2533-2543.

ZHENG Le, HU Wei, LU Qiuyu, et al. Research on planning and
operation model for energy storage system to optimize wind power
integration [J]. Proceedings of the CSEE, 2014, 34 (16) : 2533-
2543.

2y, 5T ABE 4 L L TR ALK RE IR T Y KOL K & HUBE I
PR LT ). AR J,2024,37(3) : 12-24.

HE Qi, ZHANG Yu, DENG Ling, et al. Joint optimal scheduling
strategy of wind, photovoltaic and water storage power generation
considering hydropower storage regulation[J]. Guangdong Electric
Power,2024,37(3): 12-24.

TiE—, DY EOY A B R A IR 2 25 A i A
HIREIRECARBT T[], Hl (3R, 2024,61(9) : 127-136.

YU Weiyi, WANG Huifang, CAO Fen, et al. Research on user-side
energy storage configuration for renewable energy considering
reduction lifetime [J].  Electrical

scenario and  dynamic

http://www. cepc. com. cn



158

LN e

47 &

[34]

[35]

Measurement & Instrumentation, 2024,61(9) : 127-136.
PRI, B T, A, AR BE T R RIS B C L I 3 A
BESAIlI]. RS 3Ik,2020,44(21): 32-41.

GAO Haishu, ZHANG Yumin, JI Xingquan, et al. Scenario
clustering based distributionally robust comprehensive optimization
of active distribution network [J]. Automation of Electric Power
Systems,2020,44(21): 32-41.

ZHAO C Y, GUAN Y P. Data-driven stochastic unit commitment
for integrating wind generation [J]. IEEE Transactions on Power
Systems, 2016,31(4) : 2587-2596.

BUMEE WL, KR B3, A5 L T R SR N S I A A
PEDG EALmC (1], b [ L TR~ 42, 2019, 39(8) « 2253~
2264.

HE Shuaijia, GAO Hongjun, LIU Junyong, et al. Distributionally
robust optimal DG allocation model considering flexible adjustment
of demand response [J]. Proceedings of the CSEE, 2019, 39 (8) :
2253-2264.

AN Y, ZENG B. Exploring the modeling capacity of two-stage
robust optimization: variants of robust unit commitment model [ J].
IEEE Transactions on Power Systems,2015,30(1): 109-122.
A R, BT A OREIE KU AT T B LA IR
JAFIRERE B L ) R G0 A G RO AL B BT EEDk [) ], A4
7 ,2024,48(8) : 3122-3132.

TENG Mengjie, CHEN Chen, ZHAO Yuhong, et al. Distribution
robust optimal day-ahead dispatch method for power systems with
uncertain wind power access considering deep peak regulation of
coal-fired units and energy storage[J]. Power System Technology,
2024,48(8): 3122-3132.

PV, BEIEAE , 5K A28, 45 . T B0 9k 2l (% 52 B0 T L 199 93 A
BT ]. WIREAR,2021,45(12) : 4768-4778.

SUN Xu, QIU Xiaoyan, ZHANG Zhirong, et al. Distributed robust
optimal dispatching of AC/DC distribution network based on data
driven mode[J]. Power System Technology,2021,45(12) : 4768-
4778.

[39] PENA I, MARTINEZ-ANIDO C B, HODGE B M. An extended

IEEE 118-bus test system with high renewable penetration [J].
IEEE Transactions on Power Systems,2018,33(1): 281-289.

[40] YE H X,LIZ Y. Robust security-constrained unit commitment and

dispatch with recourse cost requirement[J]. IEEE Transactions on

Power Systems,2016,31(5) : 3527-3536.

[41] BR3CHR, KBH, S5 Ma R, 45 . B THL S Al & 200 3230

Tic i R A AR AT R LT ] e e, 2024,45(11) : 1-13.

XU Wentao, MI Yang, CAI Pengcheng, et al. Distributed
optimization management for active distribution networks with
multiple microgrids based on chance-constrained programming[J].

Electric Power Construction,2024,45(11): 1-13.

[42] 250K W07 R AR . T BB AN B PR A 255 BE TR R SE )

Pefesems (], 234 sURETR, 2024, 9(5) : 32-40.
LI Haoran, YAO Fang, SONG Xianjin. Collaborative optimization
strategy for integrated energy system considering uncertainties in

source and load[J]. Distributed Energy,2024,9(5): 32-40.

KfmBH: 2025-05-06 f&E B 2025-07-08
EE T :
k4 (1986) , I3 A Bz, Ty 1)
R K HASHT il 5 4 A5 O R ik is 41 545
il N TR e AR AR ) Rz AT iz A,

L E-mail : leizhang3188@163.com;
I RHPE(2002) , 5, B+ 3F 5 A, FEPFR
J51m) A &R GE A A2 AT 5 45 T E-mail
3090432785@qq.com;
M- (1986) , 22, SBAF VRS, {4, YR, SE2EWFT 7 ) 2 KOABTH

[S

RERIE A G R ALiE 1T 54 H , E-mail : yejing2000310@163.

com;

MTHRF(1999) , L, Wi, A7 6] L ) R AIs 1736

W% A 5

LK (2001) , 2 MR WFR AR, EEWEF 5 10 A L Rl fbis

A7 IR R XA STk

(i Fh#ak)

http://www. cepc. com. cn



55 2 11 B, S5 T B R ER U A o P 11 T B B oy A B e LA A 159
Bif 5% A
FA1l IEEE USTH ARSZHASH
Table A1 IEEE 118-bus system unit parameters
ML Wik EORH Rohl MR RohiESis al biOTl ¢/OOTl BN, WAL A E
Hi S [E#Ess  JIMW MW (MW/h) - AFAEHLESE/A (Geh)  MWh)  MW?h) (JG/h) A/(T/h) WA/

1—3 4 30 5 +5 1 22534  186.83 0.50 284.80 569.60 0
4 8 300 150 +150 8 48.24 91.78 0.08 3130.83  6261.66 5
5 8 300 100 +100 8 48.24 91.78 0.08 782.46 1 564.92 2
6 4 30 10 +10 1 22534  186.83 0.50 284.80 569.60 0
7 6 100 25 +25 5 72.22 126.88 0.09 355.75 711.51 0
8—9 4 30 5 +5 1 22534  186.83 0.50 284.80 569.60 0
10 8 300 100 +100 8 48.24 91.78 0.08 711.51 1423.01 2
11 9 350 100 +100 8 23451  76.61 0.02 711.51 1423.01 2
12—13 4 30 8 +8 1 22534  186.83 0.50 284.80 569.60 0
14 6 100 25 +25 5 7222 126.88 0.09 355.75 711.51 0
15 4 30 8 +8 1 23519  186.83 0.50 284.80 569.60 0
16 6 100 25 +25 5 72.22 126.88 0.09 355.75 711.51 0
17—18 4 30 8 +8 1 22534  186.83 0.50 284.80 569.60 0
19 6 100 25 +25 5 72.22 126.88 0.09 355.75 711.51 0
20—21 72 250 50 +50 8 19922 87.79 0.02 711.51 1423.01 2
22—23 6 100 25 +25 5 7222 126.88 0.09 355.75 711.51 0
24—25 7 200 50 +50 8 27749  94.62 0.03 711.51 1423.01 2
26 6 100 25 +25 5 72.22 126.88 0.09 355.75 711.51 0
27—28 9.3 420 100 +100 10 456.51  59.38 0.08 177877  3557.54 3
29 8 300 80 +80 8 48.24 91.78 0.08 711.51 1423.01 2
30 5.8 80 30 +30 4 528.86  110.15 0.33 320.28 640.55 0
31 4 30 10 +10 1 22534  186.83 0.50 284.80 569.60 0
32 4 30 5 +5 1 22534  186.83 0.50 284.80 569.60 0
33 3.8 20 5 +5 1 12772 268.42 0.20 213.85 426.71 0
34—35 6 100 25 +25 5 72.22 126.88 0.09 355.75 711.51 0
36 8 300 150 +150 8 48.24 91.78 0.08 3130.83  6261.66 5
37 6 100 25 +25 5 72.22 126.88 0.09 355.75 711.51 0
38 4 30 10 +10 1 22534  186.83 0.50 284.80 569.60 0
39 8 300 100 +100 8 234.51 76.61 0.02 3130.83  6261.66 5
40 7 200 50 +50 8 48.24 91.78 0.08 3130.83  6261.66 5
41 3.8 20 8 +8 1 12772 268.42 0.20 213.85 426.71 0
42 5 50 20 +20 1 418.44  163.33 0.07 320.28 640.55 0
43—44 8 300 100 +100 8 48.24 91.78 0.08 711.51 1423.01 2
45 8 300 100 +100 8 48.24 91.78 0.08 783.45 1564.92 2
46 3.8 20 8 +8 1 12772 268.42 0.20 213.85 426.71 0
47—48 6 100 25 +25 5 7222 126.88 0.09 355.75 711.51 0
49 3.8 20 8 +8 1 12772 268.42 0.20 213.85 426.71 0
50 5 50 25 +25 2 418.44  163.33 0.07 320.28 640.55 0
51—53 6 100 25 +25 5 7222 126.88 0.09 355.75 711.51 0
54 5 50 25 +25 2 418.44  163.33 0.07 320.28 640.55 0
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Fig. A1 Four typical scenarios output of wind farm 2 Fig. A2 Four typical scenarios output of wind farm 3
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