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Figure 1 (Color online) Effects of wind on UAVs.
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Figure 2 (Color online) Wind effect prediction model.
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Figure 3 (Color online) Autonomous quadrotor wind-resistant
testbed.

FA U 25 RIS TR Y (A AR T AL A
fic % T Intel Core i7-13700K, Nvidia RTX 4070 Tiffith
T YIS, FEAENLECT L Eb AT HE 2R TR0, )7 55k
B {5 FH (0 DY e 3 240 5 FUs 5 g S i H I DU e 2 2
oA AH A

AR ACADOS (1 247 i) 5 A0 A SR A ) RE B2t
AR P g FIMPC IR BT K #, ZHELE AR
LIS T m SR EE L. Bk
MaE, RHAENERRT)FER, & mtEen sk
(high-performance interior point method, HPIPM){E Ny
K (quadratic programming, QP):RfiEgs. Lk
FKI 7] #E 7 51 — R (sequential  quadratic pro-
gramming, SQP)/7VERME, IR -4kt 1T
FRAEFRIT L. RGB) )AL S A8 CasADiEAT
P AR, SRR B2 v B 3. TN A E
2028, SRAFIF ] 250.05 s, KR TN E A1 s, %25
PP T B S P BR R AT 55 B 7 1 T e
77, 383 S5 22 B R TR IR S BE, — FROR VLR )
TR 2 T BORER R R N B, T ARG ) Tt o 34
wRIABR G, Hox BEER TR 4. MPCHRAL
#i1EIntel Core i7-13700KAL¥EE I 20 HZHM % K A%,
i) R ) 5 2R MR IR~ 35 B TR) D/91.240.3 ms, 8 I /= 4
A N RO SR Al — ORI R~ 250 B 1) 242.840.5 ms, ~F3%)
SSRGS ] 94+£0.6 ms. il v S B £R 1750 ms$%
il B R S AT, JE R AR AR

ZOCHRR[8IM R K, A TR FMPCHLAL SRR HRAS
A B AEAH AR LA R AR A PR X — ek, ¥ mdEZk
P Ao 25 X 8 A58 Ry P 2 T AR X, AR AT 2R B R T,
Hoisg 5 51 — RNk AR S, 159 3] R4tk
AL
oh,

ho(Xi,) = ha(Xli-n)Jr Ox

ext (= X). (12)

X ALHRE SR A 5 BEN x EU(FEH N S T e 3,
ENFRGY 3550 I £ 0 26 1T 17 A% 16 T A0 0 B IR HE AL 2
TR, RERRAR VA, SOV, 12 7ASKE
BT AR R PP 5 ORISR R R H SRR 7R
HRIKEN B 1A eI B, A GPUIAT IS E il &
BRECITA B O R R BB ARE FT LSRR RS AE
URRRIF B B, X AT R R &b ia HRI AT 58
JRARAL T KA. SCRR[S8 TR, I foy B AT (A S s

1495



FFMREE: ST IR 0 2% £ D ke 38 XCHE UL 5 i

FEORFFZHITERER RIS, RENE SCHF S 50 =ik 400015
(153 F 22 I 45 BRI TE SO HZAER R AT 1847, NTEIK
NG G B AR E KRR 2 SR AR 3t T Wl AT (8%
Rtz

4.2 YIREE IR

ASHT T L 2R G IO B R AR AR i I ZR i die
&, BMCBBRS: BT 40 XEh A Wik 5] /g
IR RS FIIN 2 AR AT BRI, [FP s RAT A%
WELEE., HE. LM SPAT SRR
BUESD), TERJESRRS-H2 N Fr s, B, a4
(B EL 7 FOUH 5 AL SR R 25 5 SE BRSO n 1 2
22, VR B IR AR R I 2R s

X ) 7 A R 0 A SR R A I RCT P
A, DUS AT REHAS UL SE B 7. 24 DU e RBE ML RS i e e
Ja, WA RN R E R KATR, “HERRA

E =k, V2 (13)

w m>

Forb, ke YRR ) 2K RIS TS SRR 7 7] 2 B
BLES. dnP4pR, DY e 3 32 2 1R AT 2R A

F.|  |FyaC08(0yina)c08(Oyyingy)
Fona = |5 = | R wd€08(0yi,40S1N(O gy ) | (14)
K Flagsin(0,,4,)

HA, 0, q0e =HEAS 18] R KT 7 5P HxOy 2 8] (1
PR, FAPEO g R RAET X Oy L I BERE 5y 7 1)
[ I A

4.3 RO FITAl

A S TR T 9 S AR 4l 1k 7 RTINS Tt 44
REHEAT ST EL P4, f# A R4 R 22 (MAE). 3177 1%
Z£(MSE) A4 77 i iR 2 (RMSEMWE AT -l e A5,
F 42 s A 2R TE 55 100 ] &2 B PT ) [RIn 8
251 %9107 1§ Adam {16 32 R1995650 /B A
HEATUNZR, XT150000 A AT I, FIE 7R % #2
i, EANURER TR AT IS m/s, IE[H RATIESE 1
m/sEEE RATIRES.

KIS2h T B2 4 RS TR IE J5 IR E AL S
R TR (GO L) S MR EHEE N AN UFRFRIR
SEEBORL)RIE. AR, RS E IE 5
M4BT ShrfEE S, RI1E T XN T

1496

fiE, AR AL AR R, Our-2-32 5 Fitil
RELEPIA RS H o BA R/ DRBINIRE. AR

Fwind

B 4 (MR R HTRCE & 52 R0
Figure 4 (Color online) Force dynamics on a UAV in windy
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Table 1 Wind effects prediction performance evaluation

ei) MAE MSE RMSE

RTN 0.40300 0.35211 0.74028
Our-1-32 0.08851 0.01471 0.00154
Our-1-64 0.08470 0.01351 0.00134
Our-2-32 0.06748 0.00949 0.00092
Our-2-64 0.10825 0.02110 0.00252
Our-4-32 0.10601 0.02091 0.00284
Our-4-64 0.11738 0.02525 0.00398
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Table 2 Trajectory tracking error of UAVs under sustained winds

RGE (m/s)  #E RIN-MPC® (m) A BT (%)

0.46320 0.12784 72.4

L 0.33022 0.11920 63.9

0.64036 0.44260 30.9

¢ i 0.51694 0.42840 17.1

[ 1.01382 0.85492 15.7

’ Pl 0.98562 0.90138 8.5
2.42500 2.32396 42

10 XL ith 2.60556 2.50264 4.0

0, <24,
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Table 3 Trajectory tracking error of UAVs under wind gusts

R (m/s) B RIN-MPC™ (m) A& BT (%)

0.30052 0.11872 60.5

: X ith 0.28754 0.12995 54.8
0.42769 0.33446 21.8

¢ L 0.40784 0.34547 153
0.68051 0.60692 10.8

’ podiil 0.61181 0.67101 8.8
1.78969 1.81407 1.3

10 L 1.74896 1.59052 9.1

F 4 DIEKTEANPUL IR ER R 2

Table 4 Trajectory tracking error of UAVs under crosswind

K (mss)  #E RIN-MPC® (m) A It (%)
0.26659 0.09292 65.1
’ L 0.23914 0.09595 59.9
0.44445 0.22428 49.5
¢ itk 0.37048 0.22781 38.5
0.66957 0.38638 423
’ L 0.66099 0.39458 40.3
1.32998 1.04026 21.8
10 L 1.44386 0.96313 33.3
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Agile control of a quadrotor with disturbance observation based on
graph neural networks

WANG BaoDong', ZHU Hai™’, ZHU XiaoZhou™, JIA Zhen', LIU ZhenBao"*,
YAO Wen™ & CHEN XiaoQian3

" School of Civil Aviation, Northwestern Polytechnical University, Xi'an 710072, China

2 Defense Innovation Institute, Chinese Academy of Military Sciences, Beijing 100071, China

} Intelligent Game and Decision Laboratory, Beijing 100071, China

* Shenzhen Research Institute, Northwestern Polytechnical University, Shenzhen 518057, China

Robust and agile flight under strong wind disturbances remains one of the primary objectives in disturbance-rejection control for
unmanned aerial vehicles (UAVs). Conventional observer-based control approaches often fail to effectively model the influence of
aggressive wind fields on UAV dynamics, leading to significant performance degradation in complex wind scenarios. This paper
proposes a lightweight wind-effect predictor based on a graph neural network (GNN) with adaptive channel extraction, leveraging the
differential flatness property of quadrotors. The predictor is trained using historical flight trajectories to enable real-time estimation of
complex wind disturbances encountered during flight. A model predictive control (MPC) scheme is then developed to achieve
disturbance-aware trajectory tracking. Specifically, flight data are collected under various wind conditions, including sustained winds,
gusts, and crosswinds. A total of 995650 trajectory residual samples are used to train the predictor, and 150000 samples are reserved
for testing and benchmarking against state-of-the-art models. Experimental results show that the proposed wind-effect predictor
achieves a 14.9% improvement in prediction accuracy compared to existing methods. Moreover, the wind-aware MPC based on this
predictor improves trajectory tracking performance by 50.35% under aggressive wind disturbances. Finally, real-world flight
experiments on a custom-built quadrotor platform validate the effectiveness of the proposed method, demonstrating a 27.35%
enhancement in trajectory tracking accuracy under wind disturbances.

wind effect prediction, anti-disturbance control, graph neural network, model predictive control
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