PEMZ: YEF HhF¥F XXF

20164F 54645 ZE12H7: 124713

SCIENTIA SINICA Physica, Mechanica & Astronomica

it X M &E £ 58

7 78 R X B 32 75 B XUIR I 514 1 R EL Tk

5 B K07 ARV, F A0S

<¢/ (rhERE ) ekt

SCIENCE CHINA PRESS

CrossMark
&click for updates

physcn.scichina.com

O H R} B s 20T TP, I RS R D A Sk &, JE T 100190;

@ o BB R LRERE 2 B, AL st 100049
*Ik & A\, E-mail: zhanghuigin@imech.ac.cn

WA B B1: 2016-09-30; 43252 H #: 2016-10-24; P4 H4 i H #: 2016-11-10
B K B RR 5L 4 (5 11232012) F1 [ 5K B AR E 54 (5 11102212) BT H

WE NG EYN—HEENTFEGBIRER, %R IR T L, FFEGEIRES. e X I WA kw1
Flgom, R E R AWETTRAR, BANEHRNETHRNEF+ 00T, RXHE TR E AR 7520 #%
BT, E L EHREFI B RS E BB GESRA N, MEARBRAFFEE. FHTNANEA
BEXNEAER—AEZTRWEERFTT H@ER. A, v EFEFTREAFRNEGHTMRER, RIOIUTH
%3112 Z(MAE). T3 %3 G 417 Z2(MAPE) DL Z # 77 1% 2 (RMSE)ix = AM2 Z 3841 1F 4 #| Al x4, & & xf Hh
TENMEA TR E. & REH, Tk EEFMRLEZ L P HH, ARMA-EGARCHAE £ 5 ARMA-EGARCH-M

MR W TR G+ o8, 0T E R, B 7 MR R RE A 3% R0 TR P $e 38 fm, R 2 K R RK.

X 5214

PACS: 02.50.Fz, 89.30.Ee, 89.20.Kk

]l

1 35

P RE S H I IE T RE YR 2 —, U e AR 5 I AR
W JE a3y MR 4 TR X AE BE 2 2 (GWEC) I 3 75 &
71N, 20154F, B [ M A AL 7 SR L 30.8 GW, J i 7t
H—, A R B G R B 48%. Horhifg B XU T)
R HLATL T 1 B ML 25 T 20360 MW, HE 4 528 = Ak
Tl [ 5 5 [ (7 LGWECH 15 ¢ http://www.gwec.net/
global-figures/wind-energy-global-status/). 481, 51& 4t
f9 K I EOK J R AR EE, KU FE g S B AR AU
YO, BA W 5 1A JorE iR AE. 3X 5 H R0

g bR 3, 8 E KGR TR, AR T B A0 AT, K B S R RURE, K B AR RORE, 4R X AR BB

FLUESP AR R EE I SR AR TG, 2 X HL I 99 i 18D 1 1)
F I LR R E I 3 R SRR A R, X R
T X0 R AL AH R HL T 28 R AT S N PR, 2 A TR i —
i) B, P L I 22 A2 AT I Bug r
FEIX — U, Bl R AR giit2E0ik. AL
B R B DL S 7 R S e R 2 DU M A R 48 L1 Tl
D7 o iR R B 4 AT 05 VR 8 T G 2058
AT TR IR, 33 T BN 2R S
J7 B3 T % 3 A ek B ) A R, DT R SR
HYI) KR, B - HH George Box 5 Gwilym Jenkins F§ fi7
HEH AT T R MRS, 5k, Engle® 7R

SIAEN:

BB, Sk B, FRE. AR R L R SR TR, o [ R 2 32 3% ROC3E, 2016, 46: 124713
Lyu G Q, Zhang H Q, Li J C. Characteristics and forecast of short-term wind speed series in the Donghai Bridge wind farm (in Chinese). Sci Sin-Phys
Mech Astron, 2016, 46: 124713, doi: 10.1360/SSPMA2016-00407

©2016 (RERZE) ZEiL

www.scichina.com


http://doi.org/10.1360/SSPMA2016-00407
http://www.gwec.net/global-figures/wind-energy-global-status/
http://www.gwec.net/global-figures/wind-energy-global-status/
http://physcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSPMA2016-00300&domain=pdf&date_stamp=2016-11-02

EEREE. P E B DB D)t ORI 20164E 46 1200

VX B BE N 2 I O 22 R RO S AR e
FEH T B A %A 7 7 Z 88 (ARCH: Autoregressive
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tional Heteroskedasticity). & 11X 7 22 35 R0 7%, AH
KA AR AL J5 B4 — —HE tH, P AT UK G A NARCH
J AR R,

V41T (8] F7 51 43 7 07 92 B FH B RGE Tidl, ST T
— Y8 T {E. Kamal 5 Jafri 78 43 B 1 245 59 R 405 1)
JEali I, #2377 ARMA (Autoregressive Moving Average)
FREAY N A 78 5 3 5 K S I AR T3 Ik ) 5 471 53
P59 ] LLIE A . CadenasZ AU % F SARIMA
(Seasonal Autoregressive Integrated Moving Average) 1%
R 28 V4 B R HR U A 00 XU R AT T, FLAR 3R,
2 S E R R A BRI, SR X — R A ) TR RS
DT RN T e W 2 1) S0, e — 2B 3 m TRk
B, fE 20 B TARASE AY B ik B, B A A AR T VR
Bl 442 HY . Liue N UPVEE o JXUTHE I8 50 (9 5 1, 282 ST I [
FE A5 B B S5 7 25 AL A B8 Wang 5 A
ST T ISR 1) 5 R A A T 2 A R, IR X — AR
R FH T [ T 1 X HL 7.

R 7 B R AE B A X3 2 57, (5] — 1 B AE AN 3R] X
FEL 37 (10 46 300 X3 TR v 3R BT A B K 2 e
FH AN [R] X3 i R 91 ] e A AN R R, 24 H
P JRFEL 37 A ORI, S TR ASE Y T vk ) ) R A

20 ——m——— T

18}
16}
14}

m/s)

(
[

10

Wind speed

' 5‘m ! 8|h 11tn 14lh 17th ' 26(?\ ! z?lrd :
Date

VU TR RS B2 0 SR T B TR AS BE A ASORE XU A Sy 40
BEAT AR T, T 7 RN 20 A KGR A R R, BLAE AL
I PR AR

AR S 2 AN ] B IR 1] 87 AR 2% A S T
MIH AR, 45 & 5 BRI RHIE S5, PR T
] 2R I KM IR R 7 (10 R KGR B 8, O A 2
FREHEAT TRt 2T XURL I (1 S XU K,
I3 T 0 BT AN R X R R A D e 0D
TR DU FORS 2, D3k ol T 2R 1 KM XU 3 1
RS X AR AR, Uy TR S IR 1 5%

2 RURFFHIEF

2.1 HIERIR

ASLAy AT BT R F B A, B i ) 1 A AT B
PR, A AR R 37— BT IR H AT AR S XU £
BRI A4, —2H 201042 H 5 H01:00%E2 H 24
H 23:00, i} 7] [8] B& 2960 min, 311479 %48 i 55—
ZH 201046 A 14 H 00:00 £ 20104E 6 H 20 H 23:50, i
() 1] B 24 10 min, 3L 1H 1008 H4E A, 72 P 4 302 1) i
S A A, L

AT, FRATTH T A S R A5 AN
B —E R B AL B R, H T A AR i R L
I 10 R 5 R 1, 5 DA I ST R X R A Y
5 E B AR TR LL R, T e B R R

®)

Wind speed (m/s)

14t 15t 16™ 1= 18t 19t 20"
Date

Bl 1 ZRHE MR R L 3 5 X L2 G Sl XGEE 7 41 (a) 2010452 A S H 2 A 24 H, B[] 18] B 460 min; (b) 2010456 A 14H £6

H20H, B [a] 7] 5§ 24 10 min

Figure 1 Measured wind speed series of a wind turbine in the Donghai Bridge wind farm. (a) 60 min interval, from February 5, 2010 to February

24" 2010; (b) 10 min interval, from June 14", 2010 to June 20", 2010.
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Table 1  General expression of classical forecasting model and four combined forecasting models
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Table 2 The ability of each model to describe the characteristics of wind speed series
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Table 3  ADF test and KPSS test and the critical value of 1%, 5%, 10% significance level

ST 1 36 77 2% I8 41 & 1%l S5 5% i S8 10% Il F-14
10 min [8] f& ADF -3.248 -3.438 -2.865 -2.569
10 min 7] f& KPSS 0.443 0.739 0.463 0.347
60 min 7] Bg ADF —4.323 —3.445 -2.868 -2.570
60 min |&] f& KPSS 0.278 0.739 0.463 0.347
A MAKB 46, 3880 34 0 =1 )= [ $op 5 -~ i By FIZPATE IR %fﬂﬁ%,ﬁ%%%ﬁﬁﬁ [E— ANl
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JE HE A, AR R % 0T A H AT VRN 23 4T

(1) BN LA R

DA — 2H 10 min [A] B 1) X 45 9 ], R A Sk
F B ARMA 5 2 [ 5% 72 £ 47 LM (Lagrange Multiplier)
Tor e, LE 5 B Hlg= 1500 #5536 (1) P{E 90.042. PRI, 7]
TE 5% I i 25 PR 7K ST T 45 Za AL 1% 22 T 07 22 5 40
TR, BN R 90 A7 R SR S AR T AN, B
O, FRATH R F R 2 e A 1 O 1 AL 2.

Bl A PR R 3. A E R RHR X — IR,

FRATVAE Bl ipk v 4003 b B TR 7 (Groupiness) O A &1,
THEL TR 7 51 ¥ RE I 18] > 51 (SIWEH: Smoothed
Instantaneous Wave Energy History)-5 i #E R F, B A&k}
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Table 4 The results of parameter estimation of five short-term wind speed forecasting models at 10-minute intervals

IRV ARMA ARMA-GARCH ARMA-GARCH-M ARMA-EGARCH ARMA-EGARCH-M
s 4.530 3.482 1.200 2.666 4.087
[ 0.000 0.525 0314 0.000 1.162
®2 1.109 0.510 0.709 0.875 —0.110
®3 0.000 0.000 0.000 0.000 —0.186
P4 -0.418 —-0.188 -0.192 -0.240 0.000
@s 0.273 0.000 0.000 0.097 0.167
?s —-0.107 —0.249 -0.127 0.000 —-0.097
o7 0.000 0.000 0.000 0.000 0.031
®s8 0.000 0.373 0.212 0.000 0.000
P10 0.084 0.000 0.000 0.153 0.000
0 1.931 1.856 2.012 1.827 0.586
0, 1.190 1.527 1.724 1.159 0.000
0s 0.108 0.378 0.525 0.249 0.000
04 0.000 0.000 0.000 0.000 0.147
0o - 0.008 0.004 —0.392 —-0.767
a - 0.307 0.356 0.759 0.441
ol - 0.546 0.620 —0.406 —0.745
e - - 0.085 - 0.074
A - - - 0.101 0.058
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Table 5 The results of parameter estimation of five short-term wind speed forecasting models at 60-minute intervals

WA B ARMA ARMA-GARCH ARMA-GARCH-M ARMA-EGARCH  ARMA-EGARCH-M

s 7.653 7.702 6.623 7.667 6.796
o 0.000 0.158 0.147 0.000 0.585
P 1.021 1298 1229 1.027 0.366
95 -0.198 0.000 0.000 ~0.184 0.000
ps 0.000 -0.433 -0.331 0.000 -0.094
ps 0.197 0.000 0.000 0.155 0.000
Pe ~0.110 0.000 0.000 ~0.119 0.000
91 0.089 0.184 0.130 0.118 0.085
pi0 ~0.140 0.000 0.000 -0.130 ~0.085
2 1.283 1391 1331 1176 0.614
05 0.000 0312 -0.218 0.000 0.000
O 0.000 0.126 0.136 0.000 0.000
0 -0.362 0.000 0.000 -0.267 ~0.058
a - 0.470 0.420 -0.110 -0.221
a - 0.161 0.145 0.281 0411
B - 0.498 0.546 0.537 0.637

¥ - - 0.052 - 0.053

A - - - 0.081 0.074
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Square residual
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Figure 2 Residual squared of ARMA model. Horizontal axis repre-
sents the June 14™ 00:00 to June 20™ 11:50, here we use the serial number
to describe; vertical axis represents the residual squared which is calcu-
lated by ARMA model for each time.
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PG, AR AEREE ) — S BRI 8, 2 KT 31
BB LG, R R A T — LSRN R ). AUk,
RGE B 22 7 51 2 AT U2 ) Sh AR BE I 5. Al 143t
H 75— 4160 min 8] 75 55 4110 min (8] B 1) XUE %
ZFHI PR 7, B N0.62, J5 4 40.93. i I [A]
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DR bk, 9% 25 5 55 B A TR) AR 4. SR 1T, ARMARE R ) T v
HERIX — B G, 24 1% FH ARMARSE R H AR X3 5 47 ), B
B 1A SRR (14 ) 5 55 5 B[] I O, XA S A XLk 1)
B 272 7 51) 5 L0 B0 S A T R 11 L R A

(2) ¥ 3l J B RvE
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Figure 3 SIWEH of residual sequence of ARMA model. Horizontal
axis represents the June 14™ 00:00 to June 20™ 11:50, here we use the
serial number to describe; vertical axis represents the SIWEH of residual
sequence of ARMA model.
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55 XFFASCHTR A 545, 60 minfi (8] (8] BE ) XGE 2L
W, y SR H AL S HOH N — N BB R, BT
T R IR A X T 1 B 1 B RN S AN . =, B
IR T8 21 1) 5 5 R B 6T S 18 XU ) K /N TE S 35 R
117 10 min B 8] 1] B ) XU 5040, A 20 & 8 v 2 40
738 KT 60 minf¥) S 4y AU, 2 B 1X 4H RGE T 71 4
1) 52 5 R0 8 388 T 60 miin B 1] 8] g 1) XU 1)

DR B UT B o3 BT IR B R Bl 1, FRATT 4 S T
TP KGR O R U P A VR RE, S RAE ST SR 4
i T AS BERFE FE I Ge it 5. SRR, JU) 43 A R BE 0y,
R 1) Ak KR o B AR 2 00T~ 384, 000 A 8 Bl ek
555 AH S Hb, 5 BUE R /DN, D)5 A BT 4H B 5182 A
KBy BUAE T8 25~ S5 18, HOH B Ak i Bk o 0 T
2H R A, 10 min 8] B 1) 208 06 B2 A 92.47; 60 min
FiF 1] V%) o 1) B0 90 0 A 2,58, #53/NF- 1E 2590 A 1493.0.
W5 IEAS 7 A A B, P 2E X 0 P 0 P AR 28D, R

%6  ARMA-GARCH-M 5 B A 7] 5451 v (¥ 32
Table 6 Application of ARMA-GARCH-M model in different case
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Table 7 Prediction error of classical model and combined model from June 20" 12:00 to 23:50

1 70 MAE (m/s) MAP (%) RMSE (m/s)
ARMA 0.70 13.80 0.96
ARMA-GARCH 0.52 9.98 0.65
ARMA-GARCH-M 0.51 9.86 0.63
AEMA-EGARCH 0.40 7.61 0.51
AEMA-EGARCH-M 0.40 7.56 0.53
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Figure 4 (Color online) The ARMA-EGARCH-M model was used to
predict the wind speed from 12:00 to 23:50 on June 20™. The scattered
points are the measured wind speed and the broken line is the predicted
value of the model.

32 ZEMMERDH

A5 TR 1 $E T IS ) B Ay S IR TR 4 T B 1
I, T T SEBR TR S, 5 2 (Y TR 32 1 & A vk
e = R s s 0 S 1 R R = o S
AT TR A B ) B0 TR BE 7, AR £ A0 T e
P et LA S H 1 TR R . B, e R s
IR x, Y, IR TR T 51 ). Mx, xo. € J5, 3K
FRX, 1y X s gy oeer Xy, PR, BRONTERR AP I ZER T
HEAT B R TR, bR £ 208 0 F

1 = S X X g e X 5 X)),

w2 = e o X o X3 s X Xy 1) 7

Doxy &

Xitn = fk (‘xt+n*1*k’xt+n*k’xt+n+ 1-k> ""xt+n*2’xt+n*l)’

XH, RATSBIHEIRET 1B, 338, s 5108 HER T,
K H ARMA-EGARCH-M#£ %6 H 20 H 12:00%23:50
1) RGE HEAT TR, I 45 SR 5 S RGE 3 4T T b, 45
R sHiR.

5% ], X T ARMA-EGARCH-MA AU i 3, bt
2 PR AT TR A5 A A B0, 20 H 12:00 % 23:50 ) X3 5
TRAG 9% Bk 38K, BARR Z KT EFF. T R
B 0 P TR B R B 4 Sy o ) S AL, W% 0B

10

T T T
1 % Measure
i..— 1stepinadvance .
— 3 step in advance
— - -5 step in advance
----10stepin ac:iv_ance-I
. , . P

.........

Wind speed (m/s)

12:00 14:00 16:00 18:00 20:00 22:00 24:00
13:00 15:00 17:00 19:00 21:00 23:00
June 20", 2010

B 5 (M%EEE)ARMA-EGARCH-MAE BRI AEIR AT 1 . 3
Ao 5 5108 B ZR 6 H 20 H 12:00 2 23:50 4 XU 7
. HORSEIME ; 3T BB RLAE %A S R0 2 B LT ) B
RAH

Figure 5 (Color online) The ARMA-EGARCH-M model was used to
predict the wind speed from 12:00 to 23:50 on June 20" at the request of
1 step, 3 steps, 5 steps and 10 steps in advance. The scattered points are
the measured wind speed and the broken line is the predicted value of the
model in each step in advance.
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Figure 6 (Color online) In the case of 1 to 10 steps ahead, the error

between the wind speed prediction value and the measured value for each
model, from 12:00 to 23:50 on the 26" day. (a) MAPE; (b) RMSE.
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Characteristics and forecast of short-term wind speed
series in the Donghai Bridge wind farm
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As a sort of worldwide renewable energy, wind energy can reduce environmental pollution and relieve the energy shortage.
In order to reduce the adverse effect with the integration of wind energy into electricity grids and the operating cost of
power supply system, it is becoming increasingly significant to acquire accurate short-term wind speed forecasts. In
this paper, based on the analysis of the measured wind speed data in the Donghai Bridge wind farm, we suggest that the
short-term wind speed series has volatility clustering effect and asymmetric effect, and the volatility feed-back effect is not
significant. And then the possible causes for this phenomenon are elucidated in detail from the viewpoint of physics. In
addition, in order to select the forecast model which is appropriate to the Donghai Bridge wind farm, we use these indexes
of error: mean absolute error (MAE), mean absolute percentage error (MAPE) and root mean square error (RMSE) as
the criterion, and compare the prediction accuracy of the five models by quantitative analysis. The results show that
ARMA-EGARCH model and ARMA-EGARCH-M model are very close to each other in both single-step and multi-step
forecasting, and they are superior to other models. What’s more, with the increase of the number of advance forecasting
steps, error growth rate of these two models is low.

offshore wind farm, short-term wind speed forecast, time series analysis, volatility clustering effect, volatility
feed-back effect, asymmetric effect
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