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Ultra-short-term Power Prediction for BiLSTM Multi Wind Turbines Based on Temporal

Pattern Attention

WANG Yuhong!, SHI Yunxiang', ZHOU Xu!, ZENG Qi!, FANG Biao?, BI Yue?
(1. College of Electrical Engineering, Sichuan University, Chengdu 610065, China;
2. State Grid Sichuan Comprehensive Energy Service Co., Ltd., Chengdu 610031, China)

Abstract: Aiming at to solve the problem that the existing prediction methods are difficult to process the different char-
acteristics of multiple wind turbines in batches, we put forward an ultra-short-term power prediction method for multi
wind turbines based on bidirectional long short-term memory (BiLSTM) network and temporal pattern attention (TPA)
mechanism. Firstly, based on ensemble empirical mode decomposition (EEMD), different mode components of the origi-
nal power signal of the wind turbine are obtained to reduce the difficulty of neural network prediction. Secondly, based on
the TPA mechanism, the complex connection between multiple turbines is extracted from the hidden row vectors obtained
from the BiLSTM network, so that the modes with different characteristics can select relevant information from different
time steps, thereby reducing the prediction error of each mode. Finally, the TPA mechanism and the traditional attention
mechanism are applied to the distributed power prediction task of 14 wind turbines. The results show that the normalized
root mean squared error of the ultra-short-term power prediction for multi-wind turbines based on this method is only
0.054 6, which proves that the TPA mechanism can effectively improve the ultra-short-term power prediction accuracy for
multi-wind turbines.

Key words: ultra-short-term wind power prediction; multi-wind turbines; temporal pattern attention (TPA); bidirectional

long short-term memory; ensemble empirical mode decomposition (EEMD)
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Table 1 Loss of each wind turbine for mode 3 and mode 6

L B3 B 6
TPA AM TPA AM
1 0.000 81 0.004 06 0.000 17 0.000 47
2 0.001 00 0.003 89 0.000 10 0.000 39
3 0.000 78 0.006 96 0.000 10 0.000 32
4 0.000 88 0.005 16 0.000 06 0.000 38
5 0.000 85 0.005 82 0.000 19 0.000 40
6 0.000 73 0.003 96 0.000 32 0.000 36
7 0.001 03 0.006 08 0.000 18 0.000 56
8 0.000 47 0.005 72 0.000 08 0.000 65
9 0.000 66 0.005 57 0.000 06 0.000 42
10 0.000 69 0.006 26 0.000 08 0.000 55
11 0.000 55 0.003 82 0.000 11 0.001 02
12 0.000 76 0.004 31 0.000 10 0.000 63
13 0.000 57 0.004 56 0.000 10 0.000 38
14 0.000 75 0.004 17 0.000 15 0.000 49

FHE 0.000 75 0.005 02 0.000 13 0.000 50
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Table 2 Loss of each mode based on the TPA-BiLSTM model
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Fig.7 Comparison of prediction results of the wind turbines
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Table 3  Evaluation index values of wind power prediction

under different models

fﬁ@ﬁ’iy ﬁ«WHFFH/t ENMAE ENRMSE *%Hﬂ»/h
15min =~ 0.0430  0.0546
BEE 1 1h 0.0712 0.094 5 11.1
4h 0.0995 0.124 5
15 min 0.049 1 0.060 9
(L) 1h 0.0872 0.108 1 10.6
4h 0.1052  0.1351
B 15min 01064  0.1345
i [ RIUK] lh 0.1587 02038 9.1
sl 4h 0.1859 02326
15min  0.0984  0.1245
HiT 4 1h 0.1293  0.1751 6.6
4h 0.1795 02265
15min = 0.0655  0.0843
iR 5 1h 0.1103 0.1373 5.0
4h 0.1604  0.1972
15 min 0.054 1 0.068 9
AL 3 1h 0.093 6 0.119 4 49.7
4h 0.1406  0.1680
% 15min = 0.0442  0.0562
i A 4 lh 0.0793  0.1011 38.1
sl 4h 0.1229 0.144 6
15min = 0.0730  0.0949
R 6 1h 0.1155 0.150 3 3.9
4h 0.1948 02516

I IbAh, BILSTM #Z: 4%t T-H2HL T
I 3 XA (5 2, PRIEAE TPA AL R ) RS FE
. A5 BT XA R SRS
EEMD 43, S M ISHE KRB, N
T I 5T FE I B dp R, (HA TR R ) NMAE
A NRMSE #HCARAL 1 5K, FIRZ5 R UiA, EEMD
BRI T WA M FARE, (HREA R & KT
RITIMREE . 2R 53 AMPIFR R 45 i i 6 X
WU SRR 48 EAT B AN LD 2R TN B, A5 Geid
FIRLE G B AR @it 2 55t & XL
e 326 & ERFPE B A, A BT ER AR R e A
PERTMREEE . (H2, BT 2RI 2 WAL5
ST, ZuET 2 RALZ MRS R NIERCR, Fit
REA KT TPA-BILSTM. 2R 54t 5t 44 & X
WL A AT T, AR S R o,
TEFER R E MU /] BhAk, f£8i1 ARMA
TR AL NMAE 11 NRMSE #1258 o 28 578 K
T LY AR [B) 2> it A T4 A 3 K T AR . T
2 [0 245 A IR ) T AR FH 11 20 A P A 2R Rt T XL
DhEe, TEACFRT 2 KA D) 28 AT 55 IO 25 5

B . 25 BRTIR, 58 2R 0 5 T % XL Eh
FAHM, TPA-BILSTM 5y22E T HAME R Tl 2 K
HLIDZR et MO FE B H BRI VI RIS ], JR7E— 7%
& bR RS R

4 ZEig

D KRG R DR A5 53T EEMD JE 1335
B EAERA RSB, IMF, BRAK T 44 45 1
FRIAERE o 3@ BILSTM 454 X Ih R 1) 1E 2 )45
ST, R PREER R P E R, e T TR

2) TPA HLHIAT LA BiLSTM (] &5 47 1) & rh
PRI AL A BB R, [FIRHE 0 B AN FRE
TERI KL RIS DR BEAE G ., 2 KL)%
TR RS B v T 5 A% G =B iU A

3) TPA-BiLSTM A7 AH bt 15 B XML 3 57
IR S, AOCNZRET K AR, i HAEA A
I E) FRUBE T 350 R AR RUCHRE v 22 XU HRUATL AH D 26 i 4 T
WIRRSEE, ML TALguE AL, HAEAEEZ R
LI ZETMAT S5 b A4 B R RE .

S22 #k References

(1] WER, x| &, HRER % X7 BT “HHA Bt

RO hEHI), 2021, 54(5): 1-6.
TAN Xiandong, LIU Jun, XU Zhicheng, et al. Power supply and de-
mand balance during the 14th five-year plan period under the goal of
carbon emission peak and carbon neutrality[J]. Electric Power, 2021,
54(5): 1-6.

2] & B, % A, R, & REIEEBNINESGRD]. SR
HAR, 2016, 42(4): 1047-1060.

QIAN Zheng, PEI Yan, CAO Lixiao, et al. Review of wind power
forecasting method[J]. High Voltage Engineering, 2016, 42(4):
1047-1060.

(3] xiaete, x|y, 2R, & ST HOUEAILEC KA A 2
IR ] RBETD ZETRMI]. L AR 4R, 2014, 34(25): 4350-4358.
LIU Yanhua, LIU Chong, LI Weihua, et al. Multi-time scale power
prediction of wind farm cluster based on profile pattern matching[J].
Proceedings of the CSEE, 2014, 34(25): 4350-4358.

[4] £ RE M EETENE LR RIGER R IO AR K
L7 A 2 KOHURGETIIII]. H R 244, 2020, 35(13): 2723-2735.
WANG Chen, KOU Peng. Wind speed forecasts of multiple wind tur-
bines in a wind farm based on integration model built by convolutional
neural network and simple recurrent unit[J]. Transactions of China
Electrotechnical Society, 2020, 35(13): 2723-2735.

[51 &FF, mWyh, MERZE, 55 ET3)%E R Copula B X IR
R SRR X M BT D] s R, 2022, 48(2):
456-470.
TU Qingyu, MIAO Shihong, LIN Yujun, et al. Ultra-short-term inter-
val forecasting method for regional wind farms based on dynamic
R-vine Copula model[J]. High Voltage Engineering, 2022, 48(2):
456-470.

(6] BT, /%, BRdm, % BETEHZIEN S S BLSTM RE



1892

i LR AR

2022, 48(5)

(7]

(8]

(9]

(10]

(1]

(12]

(13]

[14]

[15]

[16]

(17]

(18]

E R S 3SR IR SRR
1195-1203.

YANG Zimin, PENG Xiaosheng, LANG Jianxun, et al. Short-term
wind power prediction based on dynamic cluster division and BLSTM
deep learning method[J]. High Voltage Engineering, 2021, 47(4):
1195-1203.

YANG M, SHI C Y, LIU H Y. Day-ahead wind power forecasting
based on the clustering of equivalent power curves[J]. Energy, 2021,
218: 119515.

oo xS T AR AR K R D
FVED]. EHERA, 2018, 44(4): 1254-1260.

WANG Bo, LIU Chun, FENG Shuanglei, et al. Prediction method for
short-term wind power based on wind farm clusters[J]. High Voltage
Engineering, 2018, 44(4): 1254-1260.

B S, EIF, Z4ef, 55 FETUERIHUHIK CNN-GRU 441
R A T IRT]. FRIEAR, 2019, 43(12): 4370-4376.
ZHAO Bing, WANG Zengping, JI Weijia, et al. A short-term power

attention mechanism of

FREROR, 2021, 47(4):

load forecasting method based on
CNN-GRU[J]. Power System Technology, 2019, 43(12): 4370-4376.
W, BRI, ERRE, 55 TR CSO AL PR ) GRU

BRI S DD ST, HIEGA, 2021, 45(12): 4692-4700.

MENG Anbo, CHEN Shun, WANG Chen’en, et al. Ultra-short-term
wind power prediction based on chaotic CSO optimized temporal at-
tention GRU model[J]. Power System Technology, 2021, 45(12):
4692-4700.

4= 51, 0Ok, #ostde, 4% 5T IDSCNN-AM-LSTM 414414
o 2% i 0 KRR T R BN O7 VA (0] R R BOR, 2021 1-13
[2021-10-24]. https://doi.org/10.13336/j. 1003-6520. hve. 20210557.
LI Zhuo, YE Lin, DAI Binhua, et al. Ultra-short-term wind power pre-
diction method based on IDSCNN-AM-LSTM combination neural
network[J]. High Voltage Engineering: 1-13[2021-10-24]. https://
doi.org/10.13336/j. 1003-6520. hve. 20210557.

SHIH S Y, SUN F K, LEE H Y. Temporal pattern attention for multi-
variate time series forecasting[J]. Machine Learning, 2019, 108(8/9):
1421-1441.

KARINIOTAKIS G N, STAVRAKAKIS G S, NOGARET E F. Wind
power forecasting using advanced neural networks models[J]. IEEE
Transactions on Energy Conversion, 1996, 11(4): 762-767.

B, b, w70, S5 XA XU I Th AR R O T
] AIRGEABIL, 2010, 34(7): 90-94.

LI Zhi, HAN Xueshan, HAN Li, et al. An ultra-short-term wind power
forecasting method in regional grids[J]. Automation of Electric Power
Systems, 2010, 34(7): 90-94.

BEAE, S, SREYL & KBTS RLRD]. B
NRGRY 586, 2019, 47(24): 178-187.

HAN Zifen, JING Qianming, ZHANG Yankai, et al. Review of wind
power forecasting methods and new trends[J]. Power System Protec-
tion and Control, 2019, 47(24): 178-187.

WILLIAMS R J, ZIPSER D. A learning algorithm for continually
running fully recurrent neural networks[J]. Neural Computation, 1989,
1(2): 270-280.

HOCHREITER S, SCHMIDHUBER J. Long short-term memory[J].
Neural Computation, 1997, 9(8): 1735-1780.

CHO K, VAN MERRIENBOER B, BAHDANAU D, et al. On the
properties of neural machine translation: encoder-decoder approach-
es[C] // Proceedings of SSST-8, Eighth Workshop on Syntax,

Semantics and Structure in Statistical Translation. Doha: Association

(19]

(20]

(21]

(22]

(23]

[24]

for Computational Linguistics, 2014: 103-111.

RAAR, 2%, ETH, & BT REHNCIZ MR EZ K E
THEEREHTIN]. BMEAR, 2017, 41(12): 3797-3802.

ZHU Qiaomu, LI Hongyi, WANG Ziqi, et al. Short-term wind power
forecasting based on LSTM[J]. Power System Technology, 2017,
41(12): 3797-3802.

SHAHID F, ZAMEER A, MUNEEB M. A novel genetic LSTM model
for wind power forecast[J]. Energy, 2021, 223: 120069.

LIU H, CHEN D H, LIN F, et al. Wind power short-term forecasting
based on LSTM neural network with dragonfly algorithm[J]. Journal
of Physics: Conference Series, 2021, 1748: 032015.

WANE, JARAE, KEE, % 3T W-BILSTM [ H] ik g
FERAR HIhER T 7E0]. ARG E 3L, 2021, 45(8): 175-184.
XIE Xiaoyu, ZHOU Junhuang, ZHANG Yongjun, et al. W-BiLSTM
based ultra-short-term generation power prediction method of renewa-
ble energy[J]. Automation of Electric Power Systems, 2021, 45(8):
175-184.

WU Z H, HUANG N E. Ensemble empirical mode decomposition: a
noise-assisted data analysis method[J]. Advances in Adaptive Data
Analysis, 2009, 1(1): 1-41.

£, e, KEMS. ETER P LSTM i Sk Rl
HL[D). THEALS FHAFST, 2018, 35(5): 1417-1420, 1440.

WANG Hong, SHI Jinchuan, ZHANG Zhiwei. Text semantic relation
extraction of LSTM based on attention mechanism[J]. Application
Research of Computers, 2018, 35(5): 1417-1420, 1440.

E a8

1971—, 4, W, #HiR, WS
- WFFETT 1) v s EL U4 PR
E-mail: yuhongwang@scu.edu.cn

WANG Yuhong
Ph.D., Professor

As:

E=H

1998—, B, @it

FENEBRIRG AN HReER BB AT
FAIRIE 5

E-mail: shiyunxiang@stu.scu.edu.cn

SHI Yunxiang
2 OE(EEER)
E 3 1977—, 4, {4, BIHR
wlw W S0 75 100 9 B ) B ek e R, e R B AL
??' 4 FYEE

E-mail: zengqi@scu.edu.cn

ZENG Qi
Ph.D.

sociate professor

Corresponding author

Weks 3 2021-09-16 &R E] 2022-04-09 %k Ak




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


