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Abstract

To enhance the accuracy of wind energy resource assessment and provide scientific basis for wind
farm siting, this study integrates probabilistic models with neural network methods. Meteorological
observation data are from 2020 to 2024 at five stations: Tongliao, Aarshan, Abaga Banner, Dongsheng,
and Etuoke Banner in Inner Mongolia Autonomous Region. Based on different land surface character-
istics, corresponding wind shear indices were selected to uniformly extrapolate surface wind speed
and air density to a hub height of 50 metres. The statistical characteristics of wind direction, wind
speed, and air density at each site were then analysed. It was found that wind speed and air density
respectively followed a generalized extreme value distribution and a mixed normal distribution. A
joint probability model was constructed using the Frank Copula function to capture their interde-
pendent structure. Building upon this, a BP neural network model was developed with wind vector
components, barometric pressure, air density, and altitude as inputs. This model was applied to pre-
dict and validate data for the new site in Xilinhot. Results demonstrate the model’s robust general-
isation capability and predictive accuracy. The developed “probabilistic model-neural network pre-
diction” integrated framework enables systematic assessment of regional wind energy resources,
providing a reliable theoretical foundation and technical support for the scientific siting of wind
farms.
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Table 1. Geographic information of meteorological observation stations in inner Mongolia autonomous region
F 1 AFHERXANS RS HIEESR

S £ Z % (°E) ZBE(N) R (m)
iH 122.16 43.36 178.7
BT 7R Ll 119.56 47.10 997.2
[T B A g 11457 4401 1126.1
FNji 109.59 39.50 1461.9
TR 107.58 39.05 1381.4
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Figure 1. Wind rose diagrams of each station
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Figure 2. Fit of generalized extreme value distribution to stationary wind speed data
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Table 2. Statistical data of wind speed
= 2. PURRIZeit #E

S A IE (m/s) PR 22 i 5 g &
iy EL M 5.2310 4.0741 1.0228 0.9368
B /R 1L 3.4449 2.7203 1.0741 0.9876
PNt 2.9937 1.6423 0.6673 0.7369
TG 3.4542 2.4562 1.0771 1.4418
Wi 3.8230 2.3631 1.4557 3.3102

W 2 s, T SCWAB A AT 3R AN s 6 RO B AT 0 & I R B B an At 3y, RS
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Table 3. Fit indices of the generalized extreme value distribution model

3 T XRENFERENMAMEERE

X —-InL AlC BIC KS R? RMSE MAE
L —2810 5627 5643 0.036099 0.997683 0.013899 0.011371
R 7R 1L —2803 5613 5630 0.038892 0.997549 0.014273 0.010335
i LML —3831 7669 7686 0.026617 0.998124 0.012480 0.010756
pNita —2371 4748 4764 0.035992 0.997525 0.014341 0.011095
R K —2780 5566 5582 0.031869 0.997853 0.013358 0.010606
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Figure 3. Variation of air density at a height of 50 meters with time scale
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Figure 4. Fitting graph of mixed normal distribution for site air density data
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Table 4. Statistical data on air density
4 BREENGHRIE

HhIX 18 (kg/m3) PRt 22 i 5 g &
AT EL B it 11132 0.0703 0.4496 —0.8966
BT 7R 1l 1.1444 0.0724 0.4564 —0.8563
P Nii3 1.0473 0.0487 0.3997 —0.6902
FHE I 1.0585 0.0532 0.4170 -0.6439
I 1.2273 0.0719 0.3803 -1.0335

Table 5. Goodness-of-fit index values of the mixed normal distribution model
F 5. REESSHIRBENIESHEIERE

HhIX -InL AIC BIC KS R2 RMSE MAE
Wi -19088 -38161 -38100 0.0103 0.9718 0.000098 0.000073
BT 7R 1l -18739 —37463 —37403 0.0112 0.9799 0.000086 0.000061
i L -19227 —38439 —38378 0.0058 0.9848 0.000076 0.000057
piid -23751 —47487 —47426 0.0060 0.9946 0.000050 0.000039
SR vt —22289 —44563 —44502 0.0081 0.9945 0.000052 0.000036
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Figure 5. Joint distribution of wind speed and air density at each station and its fitting to empirical data
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Table 6. Copula parameter values and model evaluation indicators
< 6. Copula B EMRETNIEIR

HhX ZH AlC RMSE 1A
iH —0.4521 —82.4773 0.0230 0.9971
BT 7R Ll —2.0988 -1831.2670 0.0307 0.9930
iy EL I -1.5889 -1110.7070 0.0210 0.9970
HE —0.6008 -136.2314 0.0556 0.9841
FRHE I -1.3678 —740.4542 0.0399 0.9907

AR T FLAN G 5 XU 5 2 S FEBE S /0T B9 Copula A W (LK 5), A &k e D e 452 B A7
FEES, HERGMEMESEIRERM, Wk 6 s, #HEFFRA Frank Copula fE 8% — R +
BRPEAET: B4t Frank Copula 76 2 %03k 25 1) RMSE 5 1A fabr RPN, H AR Al 25 5 i e Al
MIZERERRN, DU AR Y Bt S B R ), LKL IR RR I 5 B R = FE VT T ol s P AR 1
5578 FE UG, Frank Copula (#2807 AT R 0E Z i A ¢, HORE SR 5 0 R IARIR A mt, 1584
Py W 5 2 S8 B HORAE , e J5 %3l 15 Frank Copula B3 THI 8 U BAS SN, ARAIE 1 B R
B — S SA2E . Rk, %M Frank Copula fefi8 75 3 2wl i — Stk SR AR RE 77 I Bl b, 52l
Xof IR — 735 AR G54 (1 T S IR

5. RIhEEE

N TR DAL XX BE BHIR DT A B SRR IR AL 5 e T, & 200 KUBE i A A 5
B B AR . U S KGR KT RE VA ISR R, IR I A MR L AL, R
A 3t 20 ) X3S B T SRR 0 ARRFAE D R HLAL IR Y 55 A SRR AT Xk 25 . I 33 R U
IR VRl SR AR, BAA AR

1
WPD = Ephubvﬁub (19)
ST p BV HB A BERETLEL ) (pun Vo) P4 LIAA, WPD 1T
1 ®© max
WPD = EJ.O I:mm PruoVoud s (Poao Vi ) WGy (20)

Prnins T P 730 2 FIT DA 37 2L 1) 2 B 10 1 i P 2 O B B KA AT i /MEL
H1 24 2 (20) TH 5 4 2% 3 A 50 m 5 BE AP S R D 3 B LA 7

Table 7. Annual average wind power density at 50 m height for each station
F7. SWm50m SEFEHNINEEZRE

HhIX ATy 25 FE (W/m2)
I 84.1290
Rl 75 L 83.0531
iy [N i 273.9724
R 55.0047
SRFE T 65.2262
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R E F5 GB/T 18710-2002 [24], WU HLIZ B IS TAL 77 24E 50 m iy B (18 ATy 285 FE AR 2 XU
BEAT T BARRLE, Wk 8 B,

Table 8. Wind power density grade table
=8 MINERZEEFRR

R 2 A2 50 K & BE R\ 22 B2 (W/m?) 50 K 1 FE AP35 KUE (mfs) A3 L
1 <200 5.6 ANEHE
2 200~300 6.4 ANEH
3 300~400 7.0 EEH
4 400~500 75 EEH
5 500~600 8.0 TR&E H
6 600~800 8.8 ARG
7 800~2000 11.9 RIEHE

4 E bR GB/T 18710-2002 H1 50 m i 5 (1 AT 269 FE 4 bR KA« B LML JEE 4 X 1) 22 2% B
273.9724 W/m?, 4bF 50 m =% “200~300 Wim?” [X [i], B AREFIEE “E5” RIS 3, (HE8i
I S8, B, BRI, R, SRICTEMEREAL T “<200 Wim?” [X A, Ab-F254¢ 1 XA .

JRTH 2 e R LI B A% O TR SR AR bR . B YUE MBEEIR AT R, VPR R BB R
Bt FRREWRRALUER . AR, BEXRTE ST - RIPREEB S, KBS RIT. %
B RSO BT o T UE RS RS AR A R ZE R, ST ST DX ek S o B U 3 AR A & B 2 e B
EE i Ab Py 58 i, MBI . NERTRIRE BEAR, SRRBh kg,  SEBR K RFEERT R, BAEF
I FEARIB AR & H” 9, AR W RB B &R E, J8IL. F/R 52 R SR RHE
M, ZEN5 BIREE R, ATIE oA B E RO SRR A AR SRR S R T R AR
I, EESIRIGELHRHL RAHLAM R ERARTB, Wl SLHUXEEE BT K

DRI, o] BB e v A S R A e XU RS, GBI BT/ L AT 85 A 24T KURFIE R P T R, R SR4E
T U3 T A XU TE ML R 0 v, S DX 3 X e R R ) 22 S AL R

6. BT BP #EMLE 5 i KB ZE IR B 40

BP 128 ) 44451 T e 1 AR SR GRS B A Ok R AR BRI, 1T E Bl 27 ST N RFAIE S A D e
FETR AR e . % T2 5 iU X RE SR B, BP #HE M BRI MRR R U 208, KRR V 70 &
AR BREEE S BRSSO, UG B AR R R AR AR, AT SRS v A S X AR TR
ENAAACHE . ZE WS 5 ISRl ml i) AR B4R, SR BP M 28 4 - TN A, SEH B
i s AVBE B 1 DR VAl o
6.1. BP fHZ ML

BP (back propagation) #1245 /& 1986 4F H Rumelhart 1 McClelland & IR~ R IE H IR &, 22—
T A5 5 AE 1A% 46 DA R B R 245 5 I A R TR 22 2 B0 SO A A X 46, A B0 R E 1 2 > e
71[25]. FIHRHURHIE S BARII R 28 REE, ABIACRHERS G &R, 2SN H b5 28 & ROk A Fiti o

6.2. MIERE. MEERH
FEN TP B BETE A, S s BN R R B BRI AT 2% = G2 AN S 4L A 40
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XA L RE B BN, AERR IR RSP T, S R BOE N N S AT AR A e, K
REFRGSRAL B2 R — R M2 T, ML G NARZ IR B2 7, ITTAE L BERS 27 ST FIROR R R B R
ARG R sigmoid o g, Bk Es Rk 0y

1
(7(2):1+e‘Z
WA B2 ) PR AR R R B T P AR T TR &5 B 5 S PR LA B 2 SRR oML AL O H AR R B, A

SCE X AT 2% L T X — [ 5 R P 2 77 R 2 A E AR iR 8, S v ST 5 S b iR 221 7
AP RN A ROR, TR A 3R

(21)

L=t
n

Zn:(yi - 9i )2 (22)

i=1

Horb, y NESTYRE AR, §, BRI, n FEA SR . AR I ZRd R ol i i /M 245 2k pR ke
T2 B ol N I R 22 14 7 17 R B

6.3. MEIEBAIHE

N SEDUH A Th A PE BORS HE TN, AR SCHE 2 P FEGRlZ BP MR M 28 Y, e SR RS AR MRS &
BN RS NI FE LIRS R, BRASHAZR. RRZ. ME=D2E% MARRIOARE
Ui, KRRV 2R, AUk, 28R IR 5 MHIER R, FRiR)Z 1 10 eIk Sigmoid
T R EOR i N AEEAT AR R et AR IUR 2 RIRAF AL, it = ¥ 1 M40 R M Linout 2P0 B
HUE Pt I 8 X Th R 3% L FONAE LAE G [ A 35 B tE 7 oK BRI R BER P8 07 IR Z2 A R Bk
BREL BRI N BRI NGRS, B ST 001, BEARIKEL 5000 WK, I T AL RS IOAE . &
[ A% 4 BT RS A R R ML TN IR 22, SR LA S S e .

6.4 WEINGELERIH

RARLE I ZRA 5 MR A R A BB 4] 6. 151 7 Jra, BP #3528 5000 VISl Zx)a
IR N BUER 451 2% PR B DU R B 35, WG BU R fEL M2 4500 BRFE 2 100 LT, JE80Z 8k
SOFRSEAE N XTI A, SRR B Se LA Ry o] HiX IR E R .
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Figure 6. Trend chart of loss function
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Figure 7. Local magnification of the trend of the loss function
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Figure 8. Trend chart of accuracy rate
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Figure 9. Partial enlarged view of the accuracy change trend
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NIRRT v Z AL RE 77, FEAE RIS 58 15 458 P A0S Bt A8 R AT 06 IE o RAR B v R A4k
B HINGEEE . £iT 5000 RIENSE, WA ERERRES: T IR &S E 0.96 UL E, 5ilZ4Ed
MREARYE, HERABHEMEE 8). MINGEIARREHBOREE 9T W, WL HEmR ik
BB G, ZHRAERTARMNIEN. DI EEREYW, MUAENGSREFREIIRE, BFBIFHZ
1Ty, BENEIE B HT B ) TRIAT 45
7. SEPFED R
7.1, IEUHERIR AT

CRE IR AT . HFBORFIE . AU A R B B, T B A R A D T ISR e AL
IZRut B Ry, HEIRZ) 1100 K, SIZREE R BRI, AT BRI R AR 22 HLR Ay KRl P
JE AR S IRl s KGR R R AL s LA L, AT AR ARG N R I O [ S R
P B ISR . PUE TS, VISR LIRSS . WEZEIRE, BEREVPASBA SRV RE,
R BE R IRV IR LS5, MR R IE S SE PR M A -
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Figure 10. Comparison chart of predicted values and actual values at Xilinhot station

10. $tRiEYFIE RPN E S ESERT L E

K BRI RE 2020~2024 4F 10050 415 20 G AR NI ZRUTF () BP #2028 A58 JEAT X 28 25 T i
Mo 25 R R IR (LI 10), AR T R85 PRI ety DD 20 2% B 35048 49.75 Wm?, i [H 3.84~245.3 W/m?,
T2 X 8RB B2 IR 1 SR 23 A AR

MR B R, FEALE S MR 55 1) R2 = 0.9402, RMSE =16.4 W/m?, 54 g “ iy - Hek
B BOS BRI, ol s R B S A L A, ANTE A 5% B X S A7 /D L Al e, 1 AR
o B AT R i P X\ 2R TG P o o 56 SR B UL TR RO b i, A0 TN &4 SR R B bR i 2
B B R T 2258 BTl R T R oK, A B MRS R M il D 2 XY, 5 AR R Tt 4518 — 2
AT DA (1) BP A48 I 25 1S B AR BTt i XU TR IR VT A AT 45 B4 R AP I S FH A
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AWFFLCAN S 2 0k SR G EAE R, REEAS ) R SRR O BB FR AL, R R . SR
HIEIMER G Bm T, TR SITAR . KT 2 S E G RE, 3817 R H Copula B $i0H 2 X
HE TR NBEA MR, DIE MRS, BE R BP #HE W2 R0 B bRt Rl s R
IR FEHAT T . E RS RWT

(1) 7EREEPPARBE AL, XI5 2 AU BE A R 1) SURRAE 4 AT AR & IEAS A0 A AR R B iR i 2
WEZR 3 A o BFFLIAE T 1 SUNRAB 23 A BB U Mo A& UH B AR 0 AT ARFAIE, G ICAE i KU X 3 LA 2
B WA ESSANGEA BZE S REE 2, R E R AEE, NESRE EEEE TR
Uk SiTE 2R

(2) MR RGE 5 2 SR TE 2 AR E5 4, 1% FH Frank Copula BRI, 38 1) — Julk A HE R 0 A
ZRBTE S T AL AR b L RIARE, Rt 2im 9 2 RIAE DG OR &R, AT AL Hh B0 S 75 4 2B
LR A EZR AT

(3) KH BP #iE ML T XTI R B E MR, BAELKKARE U pE. KRR V s, Sk,
TAEE WO, SEILT R AR Rl s T Ze 2 FE I TR, TR 45 SR 5 SEPRMEM) A R 4F(R? =
0.9402, RMSE = 16.4 W/m?), 1iF B A BAG H058 ()72 A0 B8 705 TRIIAS FE o 125880 m Dyl = A AL 25 % B
b TR 53 2% () X AR AR —Fofr v 2850 AT FE ARG TR R VTG T, Dy XURS 3 i SIgE hl SR B AL L ) AR
BESERR TAEN AR R EE A, 3. BMEANEZHRRTSERIE.

E&WE

(1) —RFERREE 0 H %GRS YLXKZX-NGD-027); (2) W32 AKX AREFER S H (4
5. 2025QN01027).
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