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Optimization and scheduling methods for wind power high-penetration power systems
considering wind power ramping reserve requirements

ZHANG Ye', LI Fengting', ZHANG Gaohang', XIAO Zhongjie’
(1. College of Electrical Engineering, Xinjiang University, Urumqi 830017, China;
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Abstract: Accurately describing the error characteristics of wind power output prediction is helpful for the rational
allocation of system reserve capacity and the optimization of day-ahead scheduling plans. This paper proposes a
day-ahead optimization scheduling method for power systems considering wind power ramping reserve requirements.
First, based on the wind power ramping segment, the ramping characteristics are extracted, and a two-dimensional
interval of ramping amplitude-predicted power is established. The adaptive kernel density estimation method is used to fit
the probability distribution of wind power prediction errors. Then, based on the distribution of wind power prediction
errors, the system reserve requirements are determined. Looking for minimal comprehensive operating costs of reserve
costs and risk costs, a continuous-time day-ahead optimization scheduling model is established. Next, the Bernstein
polynomial interpolation solution space transform is adopted to complete model conversion, thereby optimizing reserve
capacity, unit combination, and output plans. Finally, a case study verifies that the established wind power prediction error
distribution model can accurately describe the stochastic characteristics of wind power. The proposed day-ahead
scheduling method can effectively allocate system reserve capacity, ensuring operational safety and economic efficiency.
This work is supported by the Key R&D Program of Xinjiang Uygur Autonomous Region (No. 2022B01016).
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Fig. 1 Schematic diagram of wind ramping
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Fig. 2 Prediction error probability density function curve
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Table C1 Partial method A3’s error ensemble conditions and relative prediction error ranges

E3e p P, P AP} (1-0=09)
di 1 [0,0.187] [0.144.12.31] [-0.133,0.144]
d> 2 [0.329,0.839] [1.356,26.64] [-0.148,0.207]
s 7 [0.575,1.262] [23.31,49.01] [-0.180,0.291]
ds 8 [1.343,2.382] [43.49,80.73] [-0.165.0.336]
dis 13 [1.534,2.586] [76.40,140.1] [-0.174,0.314]
dis 14 [2.600,4.380] [110.4,180.3] [-0.184,0.315]
dio 19 [0.697,1.518] [77.99,216.0] [-0.136,0.358]
oo 20 [1.540,6.6143] [141.6,264.6] [-0.142,0.326]
%%Ifﬁk new power system[J]. Thermal Power Generation, 2022,

(1] RS, J56ds, Whaak, &% sl ) R4 M
WA AR FAT[I]. RITKH, 2022, 51(7): 1-8.
TANG Jian, SU Jiantao, YAO Yuge, et al. Technical analysis

of power system frequency regulation by wind power for

51(7): 1-8.

(2] s, BIERE, VEVE, 25 R AR K R4t
AT B A BB S5 R D). HIN 54X ER, 2023, 60(10):
1-9.



sk B, &

25 RS TG # P 7 SR XU 2 H D R G AR BT ik

- 105 -

[4]

CAI Wenliang, ZHAO Zhenghui, WANG Yang, et al.
Review and prospect of frequency modulation technology
for new energy structure[J]. Electrical Measurement &
Instrumentation, 2023, 60(10): 1-9.

EvfiE, x5y, XEE, . B XEAIRR AR
KRB SEIIHTI]. P T REPREE ¥, 2023, 10(4): 103-112.
WANG Shichao, LIU Jiachang, LIU Zhanzhi, et al. Analysis
of current situation and future development of offshore
wind power industry[J]. Southern Energy Construction,
2023, 10(4): 103-112.

IhaRlg, R, A, & RTIAHRA D6
AN R 4R 2 IF IR RO BE IS AT SRS [T]. I RGRY S
&4, 2023, 51(9): 21-31.

SUN Qinfeng, LI Fengting, WANG Sen, et al.
Multitimescale operation strategy of a wind storage
system to enhance the active regulation capacity of wind
farms[J]. Power System Protection and Control, 2023,
51(9): 21-31.

0047, i, BREF, F FERITTERRINRE
AN VA S AT P S (0], A RS E B
1k, 2020, 44(8): 36-47.

LI Lixing, MIAO Shihong, TU Qingyu, et al. Modelling
of wind power uncertainty considering heteroskedasticity
effect and its application in power system dispatching[J].
Automation of Electric Power Systems, 2020, 44(8): 36-47.
5k, RRA, 28, & BT &MY Bim iz
JEE RCHRL TN % 22 5 T PR KR BB S DAL T EE B 0], |
TR GRS 1M, 2022, 50(21): 11-21.

DU Yulong, XU Tianqi, LI Yan, et al. Wind-fire joint
optimal dispatching based on adaptive diffusion Gaussian
kernel density wind farm output power forecast error
estimation[J]. Power System Protection and Control, 2022,
50(21): 11-21.

AR, R R. RN R A4 R84 B A 1
M RGET RN mMAEMEAR, 2022, 16(7):
116-127.

CAI Ketian, QIAN Yuliang. Economic dispatch of power
system with wind power connected considering energy
storage and time-of-use electricity price[J]. Southern Power
System Technology, 2022, 16(7): 116-127.

SRR, X, RN, & ETRAERRBET W
ANt ) - A R 25 ) XL D 23 22 A0 T[], Pl 77 R R4
AR, 2023, 17(4): 16-24.

ZHANG Siyi, LIU Mingbo, LEI Zhenxing, et al. Multi-
step prediction of wind power based on ensemble empirical
mode decomposition and encoder-decoder[J]. Southern
Power System Technology, 2023, 17(4): 16-24.

BrsC, THY, #¥%E, % 2T CEEMDAN-BO-
LSTNet [0 B 77 R 3I T (0], ol 5 4538, 2023,

[10]

[11]

[12]

[13]

[14]

[15]

(16]

60(9): 109-116, 170.

PANG Bowen, DING Yueming, DU Shanhui, et al. Short-
term forecasting of wind power output based on
CEEMDAN-BO-LSTNet[J]. Electrical Measurement &
Instrumentation, 2023, 60(9): 109-116, 170.

PR, E R, RUINE. HET A A s 4 4% 1)
AL BENLIZ S TIN[T]. 243K/ 77, 2023, 51(8): 59-66.
JIA Mengyao, WANG Yuwei, SONG Minghao. Stochastic
scenario prediction of wind power based on time generative
adversarial networks[J]. Smart Power, 2023, 51(8): 59-66.
XIHTFE, WKW, 24807, & HT M) VMD-
GRU FL AR EL TR TN [T]. 7RG AR 5 45,
2023, 51(21): 158-165.

LIU Xinyu, PU Xinyu, LI Jifang, et al. Short-term wind
power prediction of a VMD-GRU based on Bayesian
optimization[J]. Power System Protection and Control,
2023, 51(21): 158-165.

B, sH), EUIBR, & R KRR S B AR
P B AR T R 22 R T VA (D). D B s iR A
2017, 37(9): 96-102.

YANG Jian, ZHANG Li, WANG Mingqiang, et al. Wind-
power forecasting error simulation considering output
level and self correlation[J]. Electric Power Automation
Equipment, 2017, 37(9): 96-102.

TR, BRI, XUT7, SE. TF KISAT USRI R K R
PP BB LA A AL I, b [ L LR AR
2021, 41(3): 961-972.

ZHANG Zhi, CHEN Yanbo, LIU Fang, et al. Two-stage
robust unit commitment model considering operation risk
and demand response[J]. Proceedings of the CSEE, 2021,
41(3): 961-972.

B, £, R, & T HER AR RE R %
EIERI X D2 HATTRIIT]. AR, 2022, 46(9):
3455-3462.

MIAO Changxin, WANG Xia, LI Hao, et al. Day-ahead
prediction of wind power based on NWP wind speed error
correction[J]. Power System Technology, 2022, 46(9):
3455-3462.

AR, B, BT, S B IEXRDAEI T FE i
M- IEAEA]. IR S A B, 2019, 43(6): 49-56.
YE Lin, LU Peng, TENG lJingzhu, et al. A power
prediction-correction model considering wind power
climbing slope[J]. Automation of Electric Power Systems,
2019, 43(6): 49-56.

Teigt, BHEN, ZEEVE. JETCHRRAE A 2 A (1 X H
T2 TR 22 X A W44 3], L R G E Bk, 2022,
46(11): 75-84.

QIAO Yan, HAN Li, LI Mengjie. Interval estimation of
wind power forecasting error based on ramp features and



- 106 -

W) R Gy B

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

cloud model[J]. Automation of Electric Power Systems,
2022, 46(11): 75-84.

BN, THRGR, miutdk, & T EEhEH B
Dy X[ ). M RS E 31k, 2023, 47(18):
206-215.

HAN Li, YU Xiaojiao, YU Hongbo, et al. Wind power
interval prediction based on fluctuation trend
segmentation[J]. Automation of Electric Power Systems,
2023, 47(18): 206-215.

i, FIEESE, FACE, 55 B RICHARE ALY X L )
FBAETN[I]. T E BB, 2016, 36(4): 145-150.
GAN Di, KE Deping, SUN Yuanzhang, et al. Short-term
probabilistic wind power forecast considering ramp
characteristics[J]. Electric Power Automation Equipment,
2016, 36(4): 145-150.

EEW, EUE, B, & R A ATV
HNEGERMRAT. ARG AN, 2023, 47(15):
142-150.

WANG Zhixin, WANG Mingqiang, YANG Ming, et al.
Reserve optimization for power system considering
reliability of wind power reserve[J]. Automation of Electric
Power Systems, 2023, 47(15): 142-150.

SRR, SR, PIWSF, & B TUGITENESE
RRUR M IEAT M AT EET]. B MR,
2023, 17(1): 114-124.

NIE Yongquan, PENG Chaoyi, HU Yaping, et al. Parallel
distributed optimal economic dispatch of high penetration
microgrid based on edge computing[J]. Southern Power
System Technology, 2023, 17(1): 114-124.

TR, Bl EPE, S5 SO0 X T3 T
&M TR BB HI 0] B RG R 51,
2017, 45(7): 51-57.

HE Chengming, YANG Jingang, WANG Hongtao, et al.
Reserve demand analysis and preventive control strategy
to deal with wind power ramp[J]. Power System Protection
and Control, 2017, 45(7): 51-57.

W28k, AOLE. I8 I I HR 2 70 A RHIE
MIBENLILZEZAL G ). HFECR, 2023, 47(12): 5026-5040
CHEN Huangsen, SHI Libao. Stochastic unit commitment
considering output forecast error distribution characteristics
of multiple wind farms[J]. Power System Technology,
2023, 47(12): 5026-5040.

BAGHERINEZHAD A, KHATAMI R, PARVANIA M.
Continuous-time look-ahead flexible ramp scheduling in
real-time operation[J]. International Journal of Electrical
Power & Energy System, 2020, 119: 105895.

LI B, BAGHERINEZHAD A, KHATAMI R, et al.
Continuous-time look-ahead optimization of energy
storage in real-time balancing and regulation markets[J].

[25]

[26]

[27]

(28]

[29]

[30]

[31]

IEEE Systems Journal, 2021, 15(3): 3230-3237.
NIKOOBAKHT A, AGHAEI J, SHAFIE-KHAH M, et al.
Minimizing wind power curtailment using a continuous-
time risk-based model of generating units and bulk energy
storage[J]. IEEE Transactions on Smart Grid, 2020, 11(6):
4833-4846.

T, SN, TTERIR, GE. T RO HRE R AN
1 PR IR SR ) S AR LA A [T]. L DEOR 3R,
2021, 36(7): 1456-1467.

ZHOU Bo, Al Xiaomeng, FANG Jiakun, et al. Continuous-
time modeling based robust unit commitment considering
beyond-the-resolution ~ wind power uncertainty[J].
Transactions of China Electrotechnical Society, 2021,
36(7): 1456-1467.

FERREIRA C, GAMA J, MATIAS L, et al. A survey on
wind power ramp forecasting[R]. USA: Argonne National
Laboratory (ANL), 2011.

NIV R, SBOE, FMEE, 5. 3T IS AT H0E AR X
R D 2 T % 22 HANRRPESRAT(D). B RS E 3L,
2021, 45(21): 215-223.

SUN Yanan, HUANG Yuehui, SUN Yigqian, et al. Operation
data based analysis on complementary characteristics of
short-term power prediction error for wind power[J].
Automation of Electric Power Systems, 2021, 45(21):
215-223.

i, WETEE, MK, A& FETARSERE AR
B A DRI AR B RGBS,
2022, 46(2): 43-55.

XU Xun, XIE Lirong, YE Lin, et al. Bi-level optimization
model of active power for wind farm based on
nonparametric kernel density estimation[J]. Automation of
Electric Power Systems, 2022, 46(2): 43-55.

ZHOU B, FANG J, Al X, et al. Flexibility-enhanced
continuous-time scheduling of power system under wind
uncertainties[J]. [EEE Transactions on Sustainable Energy,
2021, 12(4): 2306-2320.

ZHANG G, LI F, XIE C. Flexible robust risk-constrained
unit commitment of power system incorporating large
scale wind generation and energy storage[J]. IEEE Access,
2020, 8: 209232-209241.

Wi HER: 2024-03-31;

&M@ HEA: 2024-08-25

EEEN:

KO Q001—), *, MEHRAL, BIRFTE@ARAFE

St AL &, E-mail: zhangye2113@126.com

EREE(1965—), %, @4, 1, 3%, R

B AT HAGBE L FREAF. E-mail: xjlft2009@sina.com

(% #F £Hm)



