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Fig. 8 Experimental scene
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SRAE I [ A/ (mes™) A X
08:13 7.1 (B[4
08:31 7.9 [EE[4
08:50 7 [E]4
09:11 9.5 7idk
09:27 9.8 [E[4
09:46 8.2 [EE[4
10:00 10.8 [E]4
10:17 10 (g
10:33 11.7 [EE]4




1004 [ T |/ A N = = o

2023 4

r R 2 AR A RIR A, SR B R] (09:11—10:33,
LT) %8 BEmF 8] (08:13—09: 11, LT) KUk H 3 T 4%
KigEE R T
23 DERIEIFIE

&9 MR T SE5 24 K 07:00 A %I AT B SE 56 10,
L R T A A AR FE R (07:00—11:00) o 2 FE5E
B, BT R RO R I E, S AR, H
S5 R 2 T 1) [i] e 1o T T, AR A R R T R A
Bl iff 2 422 W T B 7 6 A L Ry 110°~290°(LAK
L1 ) 1 5 AR S H s g 90°), BEE 9(a) (4 14 4,
M X T D EGS Z 8 2 AR,
TR RELARE 2 R0 U000 M 7 48 1) S e 2 K, SRy i DR LA
50 A, A AR VS RS T 3000 k2 1GSO F
MEO T A&, 78 3C 59 5 % Bt C10(IGSO) TL & . C13
(IGSO) LA . C19(MEO) TP & 1 C22(MEO) B £ .
&1 10 Sy s A A BT RS i #% sh ik . 78 DDM
fe B S R AR, BT ROE R ORE M,
S AR S A RE AR h Z B AR s, 23 i
A b O B B3, 5% S A i (DL P 10 HR K (B RR ATF IX
W) B O, S 2R A9 DDM WL I IE 7= A 0 G
SEH e T AR 00 BHE AT TR o Ak, TE AR
7 2838 5 i v o B eh, g5 A R R, R T

360° | 0°

270° 90°

180°
n REEHEAE e L LES - Kekiim
— ks — BUEREA

(a) TR KTHE
100
a5k c10(1§50)
E L C13(IGSO —
e 50 ( )
i
5| C19(MEO)
C22(MEO)
0 , , , ,
07:00 08:00 09:00 10:00 11:00
A Z1)
(b) BEMME

Ko 9 TR RTIKFATEMAR

Fig. 9 Experimental satellite zenith and elevation angle
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Fig. 10 Movement trajectory of specular reflection points

X B WAL P A ) ) TR A 5 o s A T R B
0 3 £ W L e TR HEA T SR

3 BHSEREZERSSH
3.1 BI1I/B3I X35ifg DDM RUESER

LHCP T K £k [ B 42 ek 2 B11 A1 B3I A S
SHE S, i 5 B R EE UL A BRS¢ DDM it SC 1
(438 R4, W EbE 1s). B4 DDM s 4
o {5 W LU 7 6 B S TR O R O, SR IR A4
i) DDM Y1 Jy #:47 S 3

BT SR A 2.3 49 i i 7 i AR AT 1 4 9 T
i) DDM %4, #R 4l DDM il i 5 7%, 43l 7€ B1L Fl
B3 4B A 716 1 e B U I A5 R . TR A
ML EICHE b BRI, #8453 34 25 16 (8] B A L i3 Ak 2 1Y

i /m

4 1 1 1 1 1 1 I
08:20  08:40 09:00 09:20 09:40 10:00 10:20 10:40
Y ]

(a) BIJE:

1 /m

4 1 1 1 1 1 1 1
08:20  08:40 09:00 09:20 09:40 10:00 10:20 10:40
> by 1 ]
(b) B3UJHiEL
CIOTLE “CI3TE CI9TAE - C22 TR — suilm i

£ 11 20204F9 H 7 H 08:18—10:41(LT)AFZ%] C10. C13,
C19, €22 L& BII Fi B31 4B DDM JZ i 5
[ LA X L4
Fig. 11 Comparison of B1I and B3I frequency bands DDM
retrieval results and measured heights of C10, C13, C19 and C22
satellites at 08:18—10:40 September 7, 2020 (LT)
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Table 4 DDM height measuring method for B11 and B3I
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Fig. 12 Comparison of B1I and B3I frequency bands carrier
phase delay retrieval results and measureed heights at

08:55—10:07 September 7, 2020 (LT)
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Evaluation of accuracy of shore-based sea surface height inversion based on
Beidou satellite reflected signals
ZHANG Yun"?, ZHAO Lejiu"*, MENG Wanting’, QIN Jin’, SHENG Zhichao’, YANG Shuhu"*"

(1. College of Information Technology, Shanghai Ocean University, Shanghai 201306, China;
2. Shanghai Marine Intelligent Information and Navigation Remote Sensing Engineering Technology Research Center,
Shanghai Ocean University, Shanghai 201306, China;
3. Shanghai Spaceflight Institute of TT&C and Telecommunication, Shanghai 201109, China)

Abstract: Beidou B3I signal, a new generation of civil code, has a higher rate and narrower chip width
compared with B1I signal. Currently,there are few studies on the retrieval of sea surface height from B3I signals by
using the Beidou reflected signal (BDS-R) technology and no relevant experimental results and accuracy
evaluation.This paper usesthe direct and reflected signal data of the B11/B31 dual band received by the receiver in the
sea area near Weihai, Shandong on September 7, 2020, and adopts the delay-Doppler-map (DDM) and carrier phase
delay methods respectively to carry out shore-based sea surface height retrieval. The measured data was used to
confirm the retrieval’s accuracy, and the performance of the B1I and B3I signals’ sea surface height retrieval was
assessed in terms of both their signal characteristics and their height measuring technique.The results show that the
mean absolute error/root mean square error of B1I and B3I are 1.18 m/1.48 m and 0.84 m/1.10 m using DDM. The
mean absolute error/root mean square error are 0.12 m/0.15 m and 0.10 m/0.12 m respectively using carrier phase
delay.Due to the difference in signal characteristics, the accuracy of DDM altimetry B3I is 28% higher than that of
B1I, and the accuracy of carrier phase delay altimetry B3I is slightly better than that of B1I, with no obvious
difference between the two.Both B1I and B3I reflected signals are demonstrated to be suitable for retrieving sea
surface height in this experiment, which compares the differences in retrieval accuracy between B1I and B3I related to
signal characteristics and altimetry method.

Keywords: Beidou reflected signal; shore-based; delay-Doppler-map; carrier phase delay; sea surface height

retrieval; accuracy evaluation
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Fig. 5 Flow field of ceiling air supply mode (constant value signal)
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Fig. 6 Flow field of side wall air supply mode (constant value signal)
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Fig. 7 Flow field of mixed air supply mode (constant value signal)
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Fig. 9 Flow field of sidewall air supply mode (sinusoidal signal)
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Removal cabin bleeding air system gaseous pollutants method based on
air conditioning sinusoidal wind
LIN Jiaquan, LI Bo, QIU Yueheng*
(Institute of Electronic Information and Automation, Civil Aviation University of China, Tianjin 300300, China)

Abstract: The gaseous pollutants get into the cabin by the engine bleeding air system when the plane is waiting
for taking off on the apron. However, the cabin air conditioning wind speed is constant, and the removal efficiency of
the bleeding gaseous pollutants is low. To solve this problem, the Boeing737 cabin simulation model was established
and the accuracy of the cabin simulation model was verified by particle image velocimetry (PIV) experiment. The air
conditioning used sinusoidal wind instead of the constant wind, and used NO, as bleeding air pollutant. Three work
modes of air supply, the ceiling air supply, sidewall air supply and mixed air supply were simulated. The distribution
results of NO, in passenger breathing areas and cabin were obtained by constant wind and sinusoidal wind. A method
based on air age and draft rating index (DR) was proposed to evaluate the best air conditioning work mode, which is
efficient in removing cabin gaseous pollutants. In 180 seconds, the average concentration of NO, decreased by 7.95%
by sinusoidal wind ceiling air supply mode. The sinusoidal wind sidewall air supply mode decreased by 6.51%, and
the sinusoidal wind mixed air supply mode decreased by 23.3%. The sinusoidal wind mixed air supply mode has the
best effect on the removal of NO, and the minimum air age. The draft rating index meets the requirements of thermal
comfort.

Keywords: aircraft cabin; sinusoidal air supply; gaseous pollutants; air age; draft rating index
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Table 1 Elemental constraints of electric rodless aircraft tug
PFE R Ji ek Eickzeiinial Jatlse IR B4
LIS eI TRl
GIRZS I e
] el TiEE Rl ek Rl

®2 KHNMESI ESBMARIE

Table 2 Input parameters of aircraft and tug

A SR B
ittt /kg 10000
Kox G x5/ (mm>xmmxmm) 12 270%9 480x4 800
JoC B 5 A B /mm 430
it SRR 2 /mm 4150
JBC 3 AT 5 /mm 2000
PIJF 46 HE 2 /mm 2390
Ji kit /kg 2000
£ xFE </ (mmxmm>xmm ) 1 500x1 500x480
—_ ﬁfﬂ\ﬁfﬂﬁ%iﬁﬂﬁ%/mm 500
SR AT 2 /mm 920
JEC B b AT I 25 /mm 250
Wi 58 2 /mm 1470
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Sy S AE 5| A A AR Ay B T T
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P T AL B CHLAE 5| AR s i R G O B R,
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&6 MK 7 fin . B e i o 42 5| s 1T
W, W H RS S PR E AN R AEE, it S
s R PLAE il 45 AR T B Uit dilds 2 5] &
R AR, o A B R B DL 4G E B B AT,
Horp, S RE 7 BUP 45 il 2 0 U PLAR il 45 S Al
B4 B T R s LU PR ) 28 RN RO B BT ¥ AR
SR AR 5| AR AL I A, AR 5 A L TR
E A8, DA 22 5 A 576 56 I 2h iy Sk i M i 2y,
o L PR A B U P g SR
WO LR R R 2 5| B A LA AR RATL
B2 g Jy Ry 3.1 A EE S ADAMS 3 )2
PRV AL A5 3] F TR R S A R
Tt VG R ot R AL R A e B O R A R
Ui HLBLE D AR R S B (LA rad/s) B
RO (BN r/min).
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Fig. 6 Co-simulation model of PID aircraft tug
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Table 3 Simulation and experimental conditions of

electric rodless aircraft tug

BRE| it ) /s BfTIRES T/ (r-min ")
0~1 AN 0~200
1~3 pud 200
AL A
3~4 Eilipe 200~650
4~7 51 650

200 r/min FF 2 650 r/min; 4~6 s N EL KHLAE
G145 2 S) B B, B HLA S 3 AR FF 650 r/min.
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Fig. 8 Motor shaft speed characteristic curves of

PID method
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Table 4 PID parameters of electric rodless aircraft tug

K K

P

iH

PEM HHLS %

AT 583
TR 132
R 0.14

DiEfE  RLSEE

5.25~6.41 1053.8 948.42~1159.18

11.88~14.52 1053.8 948.42~1159.18

0.13~0.15 7 6.30~7.70

e LAl FE MR . JF R ADRC 55t 4k PID
P, A W8 3 B B 2R RN JE 3R Y ADRC 4% il 2
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Fig. 9 Motor shaft speed characteristic curves of

ADRC method
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Table S ADRC parameters of electric rodless aircraft tug

Bor Boz B b
iH
Py EAE HEHLSH(H {5 FLAH OIS H D5 FLAE FEHLSH(H {5 ELAH FEHLSHEH
d/gli L TR 8 500 7650~9 350 500 000 450 000~550 000 20 18~22 120 108~132
IR 850 765~935 50 000 45000~55 000 5000 4500~5 500 0 0
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Frs o HOM RN AR 10 ¢ CALAY O,
AT T S5, AR RPLET R T 1t R
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Fig. 10 Experiment platform of electric aircraft tug prototype
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(PID experiment)
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(ADRC experiment)
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Table 6 Experimental data analysis of electric rodless

aircraft tug

?,]‘_‘:ﬁ‘?IJ E\Jl'lﬂﬁ)’z‘/s Mmax Tmin n S/%
1~3 199.8 191 200 4.4
ADRCH il
3~7 672 658 665 2.1
1~3 213 186 200 13.5
PID#
3~7 706 633 665 11.0

WK, 7 1~3 s A1z s 72 h, ADRC 2 4l (1)
o 22 PR A X PID 45 il i B2 PE AR T T 9.1%; 7E
3~7s 5]z gy ad R v, ADRC # 1fil i £ A
Xf PID #2 il i B & PR T T 8.9%, it — LBk 12k
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Design of an electric drive aircraft tug control system based on ADRC
ZHANG Jun"*", WEN Chuan"’, YANG Xing"?, ZHANG Xinrong"*, JIA Yongle’

(1. National Engineering Laboratory for Highway Maintenance Equipment, Chang’an University, Xi’an 710064, China;
2. Key Laboratory for Highway Construction Technology and Equipment of Ministry of Education, Chang’an University, Xi’an 710064, China;
3. Xi’an Ruinuo Aviation Equipment Co., Ltd., Xi’an 710060, China)

Abstract: Large inertia, a high center of mass, and time-varying friction are aspects of the aircraft towing
process that have a significant impact on the stability of the aircraft tug. In order to improve the stability of the electric
aircraft tug, the variable speed and torque that affect the stability of aircraft traction are taken as the research objects,
and the control effect of the designed strategy is analyzed. Using ADAMS and MATLAB/Simulink simulation
software, the aircraft and tug dynamic model and motor model are constructed, and the second-order nonlinear auto
disturbance rejection controller based on speed and torque is designed. The dynamic characteristics of the wheel speed
of the aircraft tug based on active disturbance rejection control (ADRC) and PID control during the shifting process
are compared and analyzed, and the prototype control test of the shifting process is carried out. The results show that
the aircraft traction system based on the second-order nonlinear auto-disturbance rejection control algorithm has better
gear shifting effects, and the wheel speed during gear shifting is better in terms of response speed, stability and anti-
disturbance ability; the test results match the simulation results, and the coincidence proves the feasibility and
correctness of the simulation model and simulation results, which lays the foundation for the research of highly stable
aircraft tug.

Keywords: electric aircraft tug; stationarity; active disturbance rejection control; PID; load disturbance
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11. if F(X,) < F(X)
12. X =Xew
13. B e, JIFg8/IMEEERER
14. else
15. P RAG AR 1
16. end if
17. endif
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P8 A5 A% B s BT, Hoh % IMU(ADIS16448,
200 Hz) i Jin 3 B RN A o 2800 & cdls . i e i
VINS-Fusion A ¥ i1 5 IMU #8418, J& s pi 4k 1
B 20, 50, 80 4~ IMU AR 2 X &4k, B &2 48 19 4R
BN K 20, 50 Fi 80,

P& 4% LES B He i CPE A% A4~ H50O6) 4 1 f) 1 BE
PR FE M I FEA AR . RS E Ny
50 B, By ik R o0 B B0 TR ON die o/l 5 RN
120 A BT, IMU BRSP4 2 25 (4 32 17 B 18] 43
A 171 ms F1 8.97 ms. Hij # Wiz 170 18] R J5 45 1Y
19.1 fi%; FPGA B ilsAd FH 7 I, fe K S4B T By
R BT A PR T R i B VR A R A/
SR 6.4 5 11445 . A SCHEREE S
T 3AAEECE S C1. C2. C3, it & 1 CPE 14
BT R 20, 40, 80, C1., C2. C3 AURE 417
MR B2, M RE AR T B TR B B IR FE N T AR
.

B A7 %) ¢ DR AR R 15 FH Vivado T B A Jmy A1
L. ClLL 2, C3I MW IEEFEIFE 1 A
7, 3 FPHCE L 5 T FPGA (S A 13.3%~27.3%
() 2 4% 2% (look up table, LUT) . 6.7%~ 12.4% () fi
& 2% (flip-flop, FF) . 15.9%~32.4% Ky ML AF BUAE
fi# #% RAM(block-RAM, BRAM) F1 30.9%~ 70.9% 1]

BT {5 5 4k PR BT (digital signal processor, DSP) .
H:if, BRAM (%R LA 36 Kbit Bl 847, 0.5 R
18 Kbit He . AL fif FH A% £ 441 5+ DSP ¥ dt A
900 ™, CPE H.JG H iy B BT A5E A 35 77 a5 3 R A
iz 55, B8 hn— > CPE H#.5T DSP {9 {# FH 35 m 6 1>,
i BB 0.67%, CPE %0 H /93 £ i DSP 1% 15 5
FASL R A . B — A CPE s 4 AR08 6 B 43 i 45
R R EAEAE#Y, BRAM RO 8 5 FHBEE CPE BY%L
HE L2 mizs g, Ak, BRAM 6 FIRE {4 g 4b BE Y
IMU RS 50 56, A SO T g AL 2 Y Fc KA IMU
REECH 80,

X3 L E Y E AN R R A e
AT T VRAL, Wk 2 FroR o MR EHE H, B &R S
BH NAEK, 3 FECE K B BT R R AR R X
IMU RS20 H /)N, 0 N=20 B9 iR %4, FPGA #H E
AU R I S AR, Ak R A [E] /N 1 ms, A
LT x86 A LAIKE 67.2 15 I # RU2R , A7 LT TX1
BRI LLIRF] 190.3 £ AR o B LA s
FABIAE K, FPGA I IR AR I/, 33 S f F 4 4 rh
3 TE A A B U5 0 PR AE A 2 TR B3 0, T FPGA /Y
H, %0 FH A 0 R AT A8 4k . HGE S 3 CPE A 4K
H, 8T LR BRI T, WXt 5 N=80 1)k
B, C3 BYEHAIAR H T C1AY I R] I8/ 62.5%. %t
F R TR DU B b 9 S 34 A R, AIRT AR C
L & AH L T x86 - Fl TX1 -5 7] LA R34 17.4
F5F 53,7 f55 i s ORL, = PR AY C3 R % A R
Sk 26.7 £ A0 87 1%

WAL, A SGEXS 34 & DI FE M REAESEAT
T Al . FPGA Th#E{H H Vivado BY Zh#E 1Ak 2% 15
th, C1. C2, C3 M IhFE4r 5k 2.293 W, 2.956 W il
3.759 W, Intel CPU A9 T #EPEAL R FH H #1511 D #E

x1 BHRITHERERE

Table 1 Resource utilization of hardware design

BEIEL i He/%
WE g WA DGEPUEEUERAR RGP dk AR BORNLEIRGERERE R eam
(LUT) (FF) (BRAM) HI6(DSP) (LUT) (FF) (BRAM) HI6(DSP)
Cl 29 057 29 407 86.5 278 133 6.7 15.9 30.9
C2 44229 41 840 131.5 458 20.2 9.6 24.1 50.9
C3 59617 54007 176.5 638 27.3 12.4 324 70.9
R2 HEGEIAMERELLR
Table 2 Performance comparison between hardware and software implementations
PATHS ] /ms FPGAJINT Lt
x86 TX1 Cl1 Cc2 C3 x86 vs C1 x86 vs C2 x86 vs C3 TX1vsCl TX1 vs C2 TX1vsC3
N=20 19.09 41.38 0.84 0.65 0.59 22.73 29.37 32.36 49.26 63.66 70.14
N=50 82.59 461.18 27.87 15.32 11.16 2.96 5.39 7.40 16.55 30.10 41.32
N=80 126.89 662.65 60.33 32.05 22.64 2.10 3.96 5.60 10.98 20.68 29.27
- 76.19 388.40 29.68 16.01 11.46 9.26 12.91 15.12 25.60 38.15 46.91
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(thermal design power, TDP)15 W, Jetson TX1 fifi FH
M R TIFE W IR AL IR A8 I 5 DU FE R 5.02 W

7 3 JBIR T 7E 3 NI - FPGA 5841
REFE, 76 IMU RS HUD, 40 N=20 (I, AS TR BE
BB MEEFEA Y, C3 R T RERERZ . KR
SEEN £, 78 N=50, 80 (L, BT C1, C2 fl
C3 (35 Ia) 22 5 B &8, C3 A RERE SR /N . AR 08K
LAY FPGA %34 L x86 “F & Fil TX1 - & 43 5 7]
P48 90% 1 95% LA I 0 REFE, 76 = Pk G 14 [a] st
W 2 T BEFE, T DLW G b L T AESZ PR L S
TR A FHER

R3 HEFETEE

Table3 Comparison of energy consumption mJ

, BT HPFRERE
REHHE
Cl 2 c3 x86 TX1
N=20 1.93 192 222 286.35 207.73
N=50 6391 4529 4195 123885  2315.12
N=80 13834 9474 8510 190335  3326.50
:I: ~
4 él:l 'l«'e

1) #2475 FPGA SE LAY IMU R4k
SRR, R B8 T AR VBN 0 R A S PR A R
NN AR IR i

2) 7 FEAHCR A AT BC BT, A 0 e AR I
B 118 T EE T Al S 2 A R R A R A T v
Ak, VLl AR R g 5 2951

3) SEHGZE FUE I, A SC TR YR BE A DI HE Dy T
P RME F A B . A SCHE B B i #8358 3 nT
DA v 24 b A D) FE 32 BR A e A S 4 B 58 B IMU I
M B Ltk
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An IMU state optimization accelerator for SLAM
LIU Qiang" >, LIU Weizhuang"?, YU Bo’, LIU Shaoshan’

(1. School of Microelectronics, Tianjin University, Tianjin 300072, China;
2. Tianjin Key Laboratory of Imaging and Sensing Microelectronic Technology, Tianjin 300072, China;
3. Shenzhen Perceptln Technology Co., Ltd., Shenzhen 518000, China)

Abstract: Mobile robots to localize themselves is a prerequisite for full ego-motion. Simultaneous localization
and mapping (SLAM), a key localization technology, has gained a lot of attention. An inertial measurement unit
(IMU) is widely used in SLAM systems for its advantage of not being affected by the external environment. The
backend of SLAM uses nonlinear optimization methods to optimize IMU states. There are problems of poor real-time
performance and high energy consumption. This paper designs an accelerator for IMU state optimization on the field
programmable gate array (FPGA) platform. Firstly, by analyzing the data flow of the algorithm, the accelerator
realizes circuits and data reuse. Secondly, by making use of the sparse characteristics, calculation simplification and
storage compression are realized. Finally, the hardware employs a configurable design for the equation solving step,
which requires the most computation. By changing the configuration, the accelerator can achieve a compromise
between performance, power consumption, and resource utilization. The experimental results on the Xilinx ZC706
platform indicate that the accelerator designed for high-performance scenarios can achieve 26.7 times and 87 times
performance improvement compared to Intel i5-8250U and Arm Cortex-A57 processors; the performance
improvement of low-power scenario accelerator is 17.4 times and 53.7 times, respectively. Besides, different
configurations can save more than 90% of energy.

Keywords: field programmable gate array; inertial measurement unit; nonlinear optimization; simultaneous

localization and mapping; hardware accelerator
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Fig. 1 Flowchart of ballistic coefficient solution
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values and measured values (start date Jan. 1, 2012)
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Ballistic coefficient solution for non-cooperative targets and its application
LIU Shushi"*, LI Xie"”", MAN Haijun"?, CHEN Guangming"*, CAO Jianfeng"’, JU Bing"’

(1. Beijing Aerospace Control Center, Beijing 100094, China;
2. National Key Laboratory of Science and Technology on Aerospace Flight Dynamics, Beijing 100094, China)

Abstract: The ballistic coefficient is an important source of error in the orbit prediction of non-cooperative
targets. For a large number of non-cooperative targets, calculating quickly the ballistic coefficient with the limited
measurement and control resources is an urgent need. In this paper, based on the semi-major axis attenuation
information of the two line element (TLE), an improved ballistic coefficient calculation algorithm is studied. Through
polynomial smooth detection and quadratic discrimination, three situations, ie. outliers, orbital maneuvers and
geomagnetic storms are identified. The basis for constructing semi-major axis attenuation observations is analyzed,
and the influence of different observation arc lengths on the calculation of ballistic coefficients is compared. The
accuracy of the ballistic coefficients is evaluated using the data of Tiangong-1, and the ballistic coefficients are used in
the prediction of Tiangong-1’s reentry. The results show that the ballistic coefficients calculated based on the TLE
elements are stable and accurate, and are suitable for non-cooperative target orbit prediction.

Keywords: non-cooperative targets; orbit forecast; two line element; ballistic coefficient; reentry prediction
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Fig. 1 Network data of airport network graph structure

L7 0 4% B4 0 AR08 4 4 [ Wik T BIL 33 1) )
23 ) SRR o WRT AR 415 2% AL 3 22 18] #9) Jo] A B A T
AR, HouR B A0

fij_fmin . . ﬁj_fmin
Wij: {fmax_fmin l;éjﬂfmax_fmin e (2)
0 HiAts

A wi ML iR j 2 80 A s f oA L3
iFTRLI) j 2 18] 64 JEL AL BRI U5 fonae R i 73 500 19 B R
PO BIEAI U 5 /LR AR 5 &0 4 i) 08 45 o A
A A B B, Be = 0.2,
12 ETENESERGE

GON J2&—Ff il 5 B A 22 R &4, AR A 1 4
YR 2 rp g s (AR AR o AT B A AR R B 2
Je: — Pl AL T3 (R 1R B 05 — Pl e T
AR 11 T8 i A BL R 45 B 454 s T 40
FIEL, AL T R BB RURRAE AN A Y R 1]
45 R AL, O ELI A OC T R A AR FR A I, X i 7%
HLI7 19 28 396 12 335 PR 1) A A 1, TR, SR T T3
(14 1 BT YR I T L7 I 285 1) 2 RS AE

T 1 A AR Y SRR AR R M) P R L A e T

F o S (A R O i R, 2 T BRI
AR A

1 1
L=I-D 2WD 2 =UAU" (3)

0+, X=0(L)X=UOA)U'X (4)
K L e Ry B H0 B BT R B 5 1 e R 2Ry B
HFE; D e Roodhy %l f BEAR PG, HOXT A4k BT R 2
2 5 1Y BB U e RSN LY 45 AE ) B 48 B
A =diag ([o, Ay, , 4,1 1) € R™AXT AR, A8 LEYFE
fE{H; X e RoAETA R EIE S5 “,” FRoRE &Mz
B O A —DURBE A, S — DR

3 (3) Fem P P A M L o i 2X (4) &
REME S XA e B AR L UT XA, 58 i
F AN 000 11 P51 35 ) 5040 2 450 oA 90 D0 45 ) 500 14 3
T, DMEZ 5 AT 6 FRERAE, e 458 U4 1 sURFAE
GIEY AL RSO ESSE S

2 ARIEIE R T AR B 4 52
2.1 STGCN Z5##3E
AL 77 X 28 110 PR 1 1 2 il 2 AT B 928 152 1) s



1046 [ T |/ A N = = o

2023 4F

5] 457 AE A1 53 [R)RFAE, 1 ELAE B[R] 5l F R 58 e 4 L
ghERy . BT, B STGCN HFHilfiFiiEiR, STGCN

! ! !
(Viomets Viomszsrses V1)

— AR

e

\
~

STGCN =44 ph i) 25 2 AR e A 11 )2 44 B, 5 2

4 25 A0 AN 1] 2 o 7, HG o ) — A B i P AR ) B3 2
E N

vl (vkm*rh Vieme2st"s vz)
ki T AR R Y Rt
SRR |
| ¢’
g mEnEERE ) fit )2
v/\ 1 )
K2 STGCN 2414
Fig.2 Architecture of STGCN
. 2L
L= -1, 9
/lmax ( )

A0 43 2 W T AR AR P TR, A L
o A I BB HE S v 1. Vs v, T AT
25 45 LB IR A (L1 TR £ 025 TR, 945
S BRI B £, SR o AEAR B 5.
22 (R EASE R A E S

g % 1 LI 10 24 0 7 0 4, 0 2
P 42 D 2 2 0 4R D KD 2 10 25 ] 4
iE o £ (4) X B 3 PR U 1904 19 52 S i
W0 (), P, P 25 e 22 350580 4 A )
AT S LR S A

5B RV X MR AR 2L, i

K-1

@(A)ngkAk (5)

k=0
A 0 e ROV ZIA R 1) 485 K 0 BRI
K,
DI T R Z T, o R LIE B A8 MK — 1
B B A T T 5K, B

K-1

O~ 6T, (A) (6)
k=0

2A
Amax
s T (A)H K BYYD T R 2T Ak SR 9
B0 A0 5 A S 00 40 1, 199 05
. SHCHAE (LAY 09 2 2 b 8 2 1, 1A
AR

ST B I U (4) AT IR X, KR

0xX=0(L)X~Y 6T (L)X (8)

k=0

A="—-1I, (7)

o T (L) R 46 80U (3038 730058 B L0 & By VD L
HTRZWA ., FHULS R 7E ST
SRR TR, W4 10 2% 2] B A FERE S O (K |E))-
2.3 HRENATE4FAERY AT IE])IE SR

i T CNN H A I 253 B2 PR | 45 4 a7 B A5 RF o
BRI, SR A5 FR G5 A8 A S AL I % v A= A B 4 152
BF A B RLRRAE o an &l 2 ZE M B o, B ) 14 5 AR 2
A — 4R B, HAB UL KN Ky, T
J5 ¥ — A 111 2k M BT (gated linear units, GLU)
WO o R TR P 2% v 1 2% 1 R, R TR] T4 S ARG
iy AJCER W Ko D I ABHEA T A2 08, (045 7 91K B I
A6 J6 K — 1o JE T 00, XHEEAS 1Y A0 BB AR —
KB M B TE RO CRI B TE] FE 51, PR R A 1
Y e RGBT BRI E LR
I %Y = PO o (Q) € RMFrrxC (10)
K e REe2C Sy I [B] [ THES FU, Co o0 i 1 47
fE B EE; “e” RORGIRERAE; PFIQN GLU 1
A “o” KonmmikE Rk, X (10) 215 KA
Yill i 5 U rgc g B R — ot [P Q) e
RM-KeeDxC - H pHI Q) 38 18 F0AH [A] . Sigmoid []
o Q)Y VE FH 2 4% il W 26 4 A M5 B ol IR AT —
2o i GLU AU fe i i i B 4 B2 T 7843 |
JHEI A, I RETE £ 4 FRZ RDE )8 22 3% 422 LA 146
FEIH R
24 FIEHRR

2 45 PR EZ A5 R an & 2 A R, o
2% (] [ 45 R B 52 B B v 9 23 [RIARRAIE, 5 R] T 145 45
PRI T BB TR] R AR o ) 2 1) P A AR O 42



55 5

FETH, G LT 25 R A AR 28 90 5% 11 12 O I 2 15 )

1047

2ANTTHE B AR, AT LLSE B 199 265 2 AR 1 ) 4 FR )
PRH S DR S AL 3 o AT 28 25 BRI SR T2 B
HEAC LB AR 045

eI 25 B B 1% AR v e RYC i oy
v e RM-E D R R = A sk g, BT
NN W

V' =T ReLU (@' #, (Fyrr')) (11)

G W L 1D A | B 3 B R s i L I B S DR
B 1195 5 B ; 01 25 [ B B 15 4%

P2 A5 S b i i 2 — A TR A
TS AR AL, 11954 FURE I 2 35 B
WS kg FRLE RN, 22 5 AR AT v R S 25 2R Z e R,
FRim 2 (12) 15 2 ZE 3R 0 E D
v=Za+b
K a e REAFFIIGRIIBLE 5 bAy g 191
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Fig. 3 Airport network
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Fig. 4 Visualization of adjacency matrix W in airport network
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Score FRUEALIRAE
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Table 1 Example of airport flight delay data
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size) B A 1005 VR FE 77 2 AL Ak 2% K FHRMSProp 3. 45
Wt o7 2] R 0.008; 2 ) RIEW N 0.7; I =5
BB RN 2.
332 M IEAFLER

8 B 15 45 % 5% 24 (mean absolute error, MAE) .
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MAPE) ., ¥J 75 3 i% 22 (root mean square error, RMSE)
YERVEN TR . BRI AR
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MAE:* Ai— i 14
p ?:1 19 — il (14)
MAPE = 100%§ YiZ Vi (15)
L L
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RMSE= ,|-Y @Gi—y) 16
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GEITAEAY, o Ty sk 18 A8 i e VR A A

2) K WC 2 AE 2 P 28 I 2% (long short term-
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JEZEDR

R2 ANETUNARBTNZE RV IRIRATEE
Table 2 Comparison of evaluation indexes for prediction results by different forecasting models
MAE MAPE/% RMSE
il
1d 2d 3d 1d 2d 3d 1d 2d 3d

HA 5.899 5.899 5.899 7.898 7.898 7.898 7.991 7.991 7.991
LSTM 5.389 5.532 5.624 7.105 7.324 7.443 7.387 7.633 7.741
SAEs 5.147 5.556 6.041 6.871 7.317 7.88 7.268 7.572 8.101
STGCN 4.826 5.313 5.485 6.399 7.069 7.307 6.842 7.467 7.689
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Fig. 5 Prediction curves of different forecasting models
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Fig. 6 Prediction results of different airports
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Fig. 7 Comparison of forecast errors in airports under three delay levels
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Departure flight delay prediction based on spatio-temporal graph
convolutional networks
JIANG Yu', CHEN Mingyang, YUAN Qi, DAI Yaoyu
(College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract: Accurate flight delay prediction is one of the most important preventive measures for the increasingly
frequent airport flight delays. The airport network is transformed from irregular topological structure to regular
network structure by spectral convolution. The graph convolutional network (GCN) and gated linear unit (GLU) are
used to capture spatio-temporal correlation in the network and form spatio-temporal convolutional blocks. A spatio-
temporal graph convolutional neural network (STGCN) is proposed to predict the departure flight delay. 51 major
airports in the United States are selected to construct the airport network, and the on-time departure rate is predicted to
carry out the example verification. The results show that when the prediction window is 1 day, the mean absolute error
(MAE) of STGCN decreased by 18.19%, 10.45% and 6.24%, respectively compared with the historical average (HA)
method, long short-term memory (LSTM) and stacked autoencoders (SAEs). When the forecast window is 2 days,
MAE decreased by 9.93%, 3.96% and 4.37%; When the forecast window is 3 days, MAE decreased by 7.02%, 2.47%
and 9.20%. The example proves that STGCN can improve the accuracy of delay prediction and provide reference and
guidance for airport delay decision.

Keywords: flight delay prediction; deep learning; airport network; graph convolutional network; gated linear

units
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HWRW AL, B2 LR, EEMRE HR
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it FHAT B DX DG e A AR A S b L R, v A A~
EPANIER R (P S suy ib] = R EL /Ml po)
T PEIEAT XS R 4, AT DAAE R il v 3 R o A b 1
BERFH . WA N B 1Y B R SO FEAR R A, AR
ARy TR S 2 T A Y ] R ST A, 0 B SR E R
SUPE ) — = AT X3P, D00 b s 0 4 A 1 [
R A v, BRI S5 R E 2 fios . B e
0 DXy A 9 2R DX, P Xk A X, R AT
Zoit o B RUNPIIG AL, AU AR, AR
TR BN B AR, 2N W 0 4R B R W 1 R
1o GRS FRINIE R — M E ZF A A K 2(a) i
RN WIUG 2 B B AR s AR, B, 80 il R 2R
— U R R I E R, & 2(b) R

(b) VCECASEAR g 18 F- 45
FEER(EFRIGE)

Fig.2 Search results in administrative region matching template (country and ocean)
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Table 1 Major classes and individuals in image orbit

determination ontology model

bs R

2N B ZR 9’8
country E% chn i

ocean jis2ed pac R
coastline jis3e5 sl TAI

state R slxyz TRIE

time i [ stal R

image 5 coastlinel 3223
template AR sltemplate TR

) S 2 e FE R 2 B MRS S R R 5 TR
Jo P A 3 A AR AL, T “righ” 1 3 1 RS Y
S v O T PR E BUE B A AT ROk
1), 33X SR TR o3 24 s 2 4 BRA Y Xk G e A
AR o PR B AN 3% 2 i o

*2 BEBRENRTEREGHEERM
Table2 Major properties in image orbit determination

ontology model

ROp I Bl w1

EA s X SR X

border 145 tem TR
notborder AHHAB ntem AR

far i movex R 2yl

near biis right HRE
madeofl il x oL i o3
madeof2 412 VX Ll 7

3 SWRL &t K HETR

SWRL /& — # OWL i LA & 1 5 F RuleML
FAGS B TE B 1 SCIR 45 RN 38 55 K P & 25 5 O il
FH PSRN0 A, P DA B ol FH A R L o A
23 MR A RN G R, ROR AT AL T A AR IN 257 , 18 0)
R BT

rule::=" Implies('[URIrenfence](annotation)

antecedentconsequent’)’ (5)
antecedent::=" Antecedent(’{atom}’)’ (6)
consequent ::=" Consequent(’{atom}’)’ (7)

SWRL A & —Ff R 2R OCHK 1y 3R 38 07 =K, 7R AT
i &, H 2 antecedent (F7 37 /[F ) L2 B9 444
%57, | consequent (J5 5B/ ) H R AE BY 45 HE 00200 Y,
ST RUFRAE Yt A AR, 24T
PR 57 R, XA RIEEAT S OWL

R, (B THEZRICK, AT MR B RS S
By, 22 2l — R AT AR 3 T B E U
R 5
antecedent = consequent (8)
AR E FR A I 5 AR, T AR AR R AR
TN EAERTEN 27, “7 %" RBE R FRR I
O U i BEAE B = B 455 DG PR AR 1 4 AR R
P 2 ¥ 53 o v DG CASE Al 46 L D) £ 3= 52
A+ KR I IRk 2 T3 B2 A S U T B2 A AT 7 1)
I A 2 N — I 20 B9 4 S A OGS, JF AR TR
AR R W TR R R A SRR T Y BRI — A
B, B ol A, e 28 DR BC AR A LA E AR
I, Ve ECAE AR B B s B AN 3 s o A SR
KRIETTE ) 4 N RO/NETTIE N 4 A DL ECA AR,
4 BRSNS, 2D TR, S (/N IETT
B TR, 8 1E 7 I O e 4 R DR A AR, DE T
PR B 5 0 i B A 0 3R 3 IS o

3 PERCHR R A

Fig. 3 Diagram of matching template selection
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LR RTEE R 2 WEIE B R A 25 L w Y
] G RGP AR BRI, WA R %00 2 AR 6 18
A b — B 2] 5 M 20 00 0 e — I Y [ A R
i, W R TR AT M R W, R R LA A
AR, LI 0250 DB i R 2R REAE A B O AL .
HRAE bR P2, 5 AT AT 307 2 2 R 1E AT R0 )
PHERLE B, Gk 4 TR .

N7 SWRL FLI 5, 75 24 FHHE AL AT HL 0]
HERE A SCfH ] Jena HAHEREHL, 2 —FhEE X AR
7 A RO i 1) SRR 0 R G, BT XTPESR, BOR R
1R, AT LAAR B 1% 58 B HE BRAT 55, 2 J5 ff F SPARQL
AR 7 AR B S5 Y, S8R SWRL LI 9 2 Ay if)
BEH R AN 18] 4 7R o S 2 bR, = B AR
B PR, B e %o U i 2R IR A S A R 238 R
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Table 3 Reasoning logic of matching template selection

s VEPCARE e 134 L2 A

1 AR RSB BB “v2” KT0, ML B R E M “movey” HF71, B A0
USRS B IR “vx” FEARIE A “vy” BT 05 R T BRI Sy B R M “w” g @ vk “re” (375 A, 0

: SR “movex” 1., M0
R RS ER IR “tem” Fya, BURRYE “movex” R0, BUREH: “movey” 0, WSl EHR IR “ttem1” Ha—1, 5L
3 PEIEPE “ttem2” Fa, BARIENE “ttem3” Fa+3, BEIEYE “ttemd” HKja+4
AR RSB IR “tem” Ty, BUHRIRYE “movex” R0, BREH: “movey” A1, WSl BHE IR “tem1” Ha—5, %L
4 Pom Ik “ttem2” Na—4, BALE M “ttem3” Na—1, BRI “ttemd” Na
SR TR BB BN “tem” Ha, BUEEME “movex” 1, BEEM: “movey” 0, WIS Bl AR E M “ttem1” Kya, Bl
3 JEME: “ttem2” Ma+1, BAEE M “ttem3” Na+d, BHLEME “ttemd” Na+5
USRS B IR “tem” Ry, BUHRIRYE “movex” F 1, BAREH: “movey” A1, WSl EE IR “tem1” a4, ¥
6 EIEPE “ttem2” Ra-3, HHEIEME “ttem3” Na, BHEIEYE “ttemd” Fa+1
7 TIER T B 2 Bl 4 WA bR S 300 45 DCTRCASEAT rv oo s O 185, B 3 e/ N I AR Ay 14 i e 220 F) D T A AR
R4 BREFHERYMEHEERTE
Table 4 Reasoning logic of effectiveness of coastline features
%' TR AR AE A R 4
1 TR ) SR S S A 8 R G2 S Al e, Sy B 1 [ SR 2 S Bz, U S e S 2 S 45 2 s
2 2R GRS S B U LAy, AP 1 [ SR 2 220, D) S il 2 5 i
3 TR S S B S S il yalt, Sl 2 [ A S SAfilz e, DU Sy v S 492 0%
4 URRAFAENE R LR S i, MRy RSy, 53— 0Ky ] G50z, DUIRER f R 28 S Bl 5 J 4 “righit1” S50
s UNRAFAENE R LR S i, oMy RISy, 53— DN A3t P2 5z, Sy RISz ANREAR, W9 o 42 S il A5 s
“right1” 240
p WSRATFAENG R LI, Ho— MR IS ly, T3 — M0 A2 iz, S5y RS Gz AR AR, DU iAE fa 4R 2 S St
“right1” A1
; WRAF AR RS S, Ho— DA G2y, H. b — i 2 AT e R S0, He— Ay T 25z, S0y NS il 20 g o,
W) R SN B R 1 “right2” Sh0
8 TSR R LRSI B SR “right1” F1 “right2” 341, WISL Gl BB “right” 1, 5050

SWRLALIfi Ty b

e ez fppeafs NN Mppgia | Constine |0 1 ey
W B A e AV SR . g p i Tl i
) ,

WREAZ | Coastline |

B4 EGE 0 SWRL JUIHHEFHAS 3 i

Fig. 4 Flowchart of reasoning and query result based on SWRL rules for image orbit determination
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TR E S A E B 517 4 SR K G R 4
B BRI A e R BRI ) sy AU (uyazaa 3.2 LR AE 12000 A AR R T 32 )
92 TSR ST B EI, B TR B ) 2 RS 5 (5,5,2)0 0 B I3 5 ok Mk 51 ) % 8L
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SR M ERAR BRIE 51 3 35 3l R r M ER 2R A
r A BRBENAR; CON R 2% S/m by DRA
RO AT L5 ooy KO 5 v AR R R AT
M (vrel|x7vrel|y5vrel|z)ﬂ‘jvreﬁ,£ 3T A
42 WMER

HE T 18 SRR B S UL R AT DUE i TR A AL
B ARG AR A 3k, AR AL ALAR A 2o R TT LA Oy 23
[F1) ) = G Al B I S5 Oy P T B AR A AR Y 3
F o X T AR S FLAHDUBI RS, B R i o
s FINCISE W Eon” FINCS T WIRVE < RvALY-L A
AR SR L AR Y T AR AR 2 1] A R B
Z, W s R .
G T S
)

X

)

)

40T T \24

HABLAL bR R

FRAE /LA B, T LAAS AR AR b G T T2
FLARTS 9 WL 7 7 !
_ all(xg - X) + alZ(yg _y) + al}(zg _Z)

P a3 (xg — X) +an(y, —y) +as(z, —2) (10)

001 (Xg = X) +an (Vs —Y) + ax(z, —2)
as1(Xg = X) + a3 (Y — ¥) + az (2, —2)
K o TRANLA R (xy, ye,2,) A HETHTRFAE £
AEBRs (x,y,2) R B SRR 5 ot A A, B A fiT Akl
TRALE MR (@, ass) I (TATy)HE B X )
JUER, TA AL 2R 1, T\ o TR iy A AR AR 2R
B AR bR FR R R s hoh AR THT AL AR 2R 1Y
BN ALFR

G AT

V
c v | > x
L AR
W 0
P (x,y)
>
*/ U pa.v.2)
e (A

Z, ?Y,
10) Xy

w

K5 DREMGIURE
Fig. 5 Diagram of satellite imaging geometry

43 SIBHE

W 3 PR B A7 TR Bk BRAT B 56 T 1R 15 14
S 2 A RUE B, IR HOE S B RS R AR R
S8, FI LA HE G ol B AU B . R
I T 38 S RS A R i i BT IR BT E L, 15
B MLRIF R E . T E SRR A 30 LA
R —UR T USRI, 5 EI RO 1K

TR B A F KR 203k 5 Tk 6 i
7N, A ALAE 3 B APS-C B! i iF CMOS #5%
S GBI, AL B AR Ay B AR N AL AR D
H R 2 5 M ML B AR o B o i W AR 24 0 . AL
K A& B B g% I SF R 36 mmx24 mm, 4 3 R H
6 720x4 480, A7 3R 21 3010 JT 13 %, MIHL A
> 500 mm,

*5 DEMEMREH

Table 5 Initial conditionsand errors of satellite simulation

1

x/m y/m z/m ve/(m-s7h) vy/(m-s7h) v./(m-s~")
6503 836.116 1331566.914 4265320978 1228.832 3904.867 6571.204
N 20200329040000  no coastline
*6 LEMARE 20200329040030  no coastline
Table 6 Error of satellite simulation 20200329040100  coastline001  madeofl: CHN  madeof2: SOU
— 20200329040130  no coastline
P B MARLE APUERE SRR EURITEY 20200329040200  coastline002  madeofl: RUS  madeof2: PAC
m (ms") m m (©) pix 20200329040230  coastline003  madeofl: RUS madeof2: PAC
100 0.1 10 1x10-5 1x10-5 0.01 20200329040300 coastlineQO4 madeofl: RUS  madeof2: PAC
20200329040330  no coastline
— R iy o gk e e . 20200329040400  coastline005 madeofl: AME  madeof2: PAC
W 8 B RGO T 7 2R IR A B AR BB, il 20200329040430  no coastline
P N S Ve b S o 20200329040500  no coastline
CIRE X RSO =N D S VA SRR RAE S B 20200329040530 o coastline
B 6 BTk, P 6 AR AR R A I T 2000329040600 no consling
AR IR T R A5 R, AR 1 AT R R I 2 6 MR S
“20200329040000” ¥ A 3k 15 & 18 8 B 18 R 17 Fig. 6 Coastline feature information
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TEE R 2k, Bl “no coastline” , %8 3 47 3 7~ I Z
“20200329040100” & & £ 1E W 7 4, WD
“coastline001” , H. % i} % ¥ 5= 28 i [ % 2 52 15
“CHN” Fg 25241 “SOU” #4 i .

a3 [RGB AR TR, A DG A F G 3R
PLEIE s an &l 7 s o Hor i Ak 10 i 4%

LIRS A5, TRV EHERERERE A,
AT HFHEE AR B o ki R &S B .

R TG B g TR 2R SO, O HLAE N4 SWRL
T AT DA EA T 9 A 36, B2 5 A R G0 R e
AT SE M PG B0 AR v SWRL 435 20 B0 U 4o
& 8 FF R o

 time -
i = coastline

| @ angle T
|
@ template i—

@ velocity p ~
>

© postition
® apacecraft |
——

—
@ accelerometer

& : @ image =
I —{ i I
® OWL: thing " _ _

5 _.. : [ @ sensor © celestialbody

& sun

© landmark

o featurepoint
@ pseudorangerate
- @ pseudorang

" acceleration l

o sea

 ocean

K7 B ARARE
Fig. 7 Ontology knowledge base for image orbit

(@prefix real: <http://www.owl-ontologies.com/test].owl#>.@include <RDFS>.@include <OWL>.

[rulel: (?x rdfitype real:country)(?y rdf:type real:country)(?z rdfitype real:country)(?x real:far ?y)
(?y real:close ?z)->(?x real:far ?z)(?z real:far ?x)]

[rule2: (?x rdfitype real:coastline)(?x real:madeof1 ?y)(?x real:madeof2 ?z)(?y rdf:type real:country)

(?z rdftype real:country)->(?x real:right 0)]

[rule3: (?x rdfitype real:coastline)(?x real:madeof1 ?y)(?x real:madeof2 ?z)(?y rdf:type real:country)
(?z rdfitype real:sea)(?y real:notborder ?z)->(?x real:right 0)]

[rule4: (?x rdfitype real:coastline)(?x real:madeof1 ?y)(?x real:madeof2 ?z)(?y rdf:type real:country)
(?z rdf:type real:sea)(?y real:border ?z)->(?x real:right 1)]

[rule5: (?x rdfitype real:coastline)(?x real:madeof1 ?y)(?x real:madeof2 ?z)(?y rdf:type real:country)
(?z rdf:type real:ocean)(?y real:notborder ?z)->(?x real:right 0)]

[rule6: (?x rdfitype real:coastline)(?x real:madeof1 ?y)(?x real:madeof2 ?z)(?y rdf:type real:country)
(?z rdf:type real:ocean)(?y real:border ?z)->(?x rearl:right 1)]

K8 EHERE S SWRL AL
Fig. 8 Partial SWRL rules for image orbit determination

B — I 20 i AT R R L L D BCBEAR 15
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B X A 21 f 4 PLAE AT 20 A, B e AR Rz A
S5 o oA DU AR A B, 9 AT KO
el P 8 15 80 ) B A7 DA TR — I 220 DR FE S AR, 5 )
il b — I 2R o AR A I R A AR
PEAE R, A0 2RI 7 AR A5 B 5 AR A
SRR R g, U 0 A LA S TE A, o B A

W JE A A7 AE IR R 25 L, W 3R 4 i v 1 2l Y
WL BERE s 73 WAyt 23 4528, BIASAEAE n] HIULI e

5 LI 2% 18 B B IR A R 25 J2 0 44 A5 19 ok
1 5 1 SR B R A A RO GOk, 2 TR
Ak T35 BH TS AT BB 2 )2 T 4 I Gk AR B Je ]
&, ARJCERAF LI BERE; 24 TR AT BIGTE . &
Ji S5 A LA DX 73 9 3 DX ] LA B R PRI, {EL T
R BRI BT} o A I A T A Tk AR O
GO, 5 3l Jy 2 B s B Y, 577 7L
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DN BRI T J R 7R 2 DR P Bk EA T e U

TEAN G A AR BE A7 LI B3 A 2 H
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Fig. 9 Navigation position error using EKF
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Fig. 10 Navigation velocity error using EKF

Pl A 32 U E R 22 K0 7E 100 m 2Z [a] ik
Dy, W R 22 RER M TE 0.1 m/s Z a4k 7, T 7EA N
AR R 28 G2 Wi UL R 8 22 i e v, A7
JUAS I A R R 22, 332 phy T B P AR ) R DL T

S CURIEA SR G SRS R A= O AT R
xR, SR E KR, AR ES S ECE
TR, BG4 B R R M. T A AR
WIERG I, BT RER T W9k iR 22 5 KK
{8, EHUE FEAS B $L T, 157 B R B RS B 43 4R 7
T 10.58% Fl1 12.49% . H1 T 1E A A HTHE e 4 34 s
WER K, Tk ML E PR 22U SUE B, BT LIAEE 9
FEL 10 H A2 AR AT %) I 5 20 22 050 SRR 220 1 3%
2, B i A bR R B TED, SR 0~ 6000 s, DN Ak bR
iR, B R R BRI . fE 1 RIS
B[R] P, 2 o 0 25 SR 08 S 2 067 1R 2 RN
PR 22 TR .

®7 SMTIRE

Table 7 Navigation mean error

W SRS /m YRR 2 /(m-s7")
R H 38.9893 0.0792
TCATRZE S W 43.6020 0.090 5

BRI 2 Ab, i Bl R v A A A (A R e $i B
1 17 AR IR AR N, AT LA RTAE A 7 R rh Ay
— I ZVRZSAF B, 2B R B/ [ & DT BE B AR
i 1 VC G e 0, A b E B A 9 I ]
N3k 8 FroR, Al DL RE P R T T 59.58%. SEFRIE
PR, A2 B EE B4 o X v A i A 1) TR RE
o RA TR AR BRI

®8 ERLLIBATE

Table 8 Image processing time ms
PERCAE BARVCECRS ) PEMRDCECHT ] SR )
EEEQIN 8557 8557
T R DT B A P (R DE B 3143 316 3459
5 %4 it

1) & 4 — ol ) 7 32 S P15 v 0 T 5 A A
PR B 5 3, A o) U R g R 1 R AR
G AS A SR A g, DA R I R M B
) BRI 9 5 3 o

2) 7853 M 2 R UG b RS 2, 2 Bk B
AHETAEE T b TH bRk 200 B FE 0 PO BE A KR
P, TE TR AL R B R BERE B iR T
11.53% F1 12.49%.

3) LA AR R T A D e AR AR 35 B )
AT VG PO Y 41 PR 1, o AR DG i o B i iy 1
59.58%,

o Y 1L TR S5 400 R0 P A X B A o B A
TER RS, A5 HORT B I A ey, 1) 52 8
BN R v HORG B, % R TR R EMR W B
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Intelligent orbit determination based on remote sensing image of
ontology knowledge base

* .
GAO Youtao , ZHANG Jiadong
(College of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: The autonomous orbit determination method based on remote sensing image has the problems of
image mismatch and slow matching speed. Based on ontology knowledge base theory, this paper proposes an
intelligent reasoning method for improving the effectiveness of remote sensing image. Firstly, the remote sensing
information is preprocessed to extract the feature. Secondly, the knowledge structure framework based on image orbit
determination is analyzed, and the corresponding knowledge base system is constructed by ontology. Finally, the
image template selection and error judgment rules are designed, and the inference engine is used to deduce the
effectiveness of the observational data. This method is applied to autonomous satellite orbit determination simulation
based on image feature points. The feasibility of the intelligent reasoning method is verified. The simulation results
show that the computation speed is improved by 59.58%, and the navigation position precision and velocity precision
are improved by 10.58% and 12.49% respectively. Therefore, the image matching template selection and image error
judgment reasoning effectively improve the autonomous satellite orbit determination accuracy.

Keywords: ontology; knowledge base; remote sensing image; image features; autonomous orbit determination
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Fig. 1 Schematic of wave velocity calculation in laser additive
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Table 1 Imaging results before and after optimization for

flat-bottom holes
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Fig. 12 Experimental results of X-Y surface using conventional total focusing imaging algorithm
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Total focusing imaging in anisotropic additive manufacturing components using
ultrasonic array
XUNa"**", XU Lulu"*, HE Fangcheng"*’

(1. AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China;
2. Key Laboratory of Aeronautical Materials and Evaluation Aero Engine Corporation of China, Beijing 100095, China;
3. Beijing Key Laboratory of Aeronautical Materials Testing and Evaluation, Beijing 100095, China;
4. School of Materials Science and Engibeering, Beihang University, Beijing 100191, China)

Abstract: To solve the anisotropic problem of laser additive manufacturing components, the propagation
characteristics of ultrasonic wave in the anisotropic material have been researched and the total focusing method using
an ultrasonic array has been optimized based on group velocity of anisotropic material. Then, the CIVA software was
used to carry out a simulation study on total focusing imaging of samples with horizontal through holes and flat-
bottom holes. Next, a simulated investigation of complete focusing imaging of samples with horizontal through holes
and flat-bottomed holes was conducted using the CIVA program. The simulation results show that the anisotropy of
material has a significant impact on the imaging quality, defect location accuracy and defect distribution range of total
focusing imaging using an ultrasonic array. The inspection experiments using the conventional and optimized total
focusing imaging method were carried out. The findings demonstrate that the flat-bottomed holes with a diameter of
0.8 mm in the titanium alloy specimen produced by laser additive manufacturing can be detected with accuracy, and
that the array performance indicator (API) value is decreased to 0.43 and the defect positioning error is decreased to
0.54 mm. Both the detection capability and defect location accuracy are improved significantly.

Keywords: laser additive manufacturing; anisotropy; ultrasonic array; total focusing; CIVA simulation
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MR, BIFEZS T U R P~ AR 40 T s seAE T % ™
Preq = (TU/n,)/1e (18)
o, F g, 5300 AR R B AL, AR SC
Hk [33], 7. 5 n, B0 fRCBA H B

VU JE T AT IR A o, DA O 2B TR 4 i
R TR BE IR IH FE T AR IR Ry

(15)

Jy= [ @ummdr (19)
AT FE R TR P, ] R A
Py, = Hy @, (20)

3R @5 R 5 1) A THT AP 24000 % £ 3E 5 H D 7 16

METH P BLEE J1 40, Hy, BT A XN

Hé‘, = C(S.qooSrefLref(sr ( 21 )

Forbs o5 7 0 AEBLHE T3 R R KG oo P2 TR

s L BV I)Z RIES K 6,0 07 Tl e A 4
ViR A B R gL AT A KR

g = %pair(h)Uz ( 22 )

e U NP ZE R ©AT R 28 58
PR CIES K LT3
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L=V (23)
Sy T SRR T BV TS S 2y, W ) i

A T T4 6 B9 BE R 1T R Y

Js. = Cs qooS rerLrei0:0; (24)
=0 (24) AT, 2407 [ AE DR A 6, = 0, RISF-I 2

CHEARTE IS, J5 =0, P2 CWEIHFE R e J 55

FHED R ERIHFER BB T, 0 Ja SCUA J RN CAE TR

T ERRIRIEAER PE P55

2 XA IDEREANEE
21 MyITEEILSERERT

Y RCE WL AR K TR T TR Y TRAT AR,
AR SR AR 125 4 3 L K0 2 1], 5 552 s ) 49y B 2 1]
e S5 Sy o U014 B T, B b [ A s 2R TR R )
23 () AEAR A R SEAR TRAR , SR T ST I I A 5 =2 1] Y
e, AR DY TR AR RORS Y R 2 8] AT T
AT, DB AR R R ST 06, MU ) AN B /N Y
AR SRS, R BRAR ML A A, AT T
FU LR TR D TR A RAT BB AR

e WA O TR AL 2 (W] A 22 BE Y L L 45 B
FE . T80 BSR40 BN (1,0 [sos,]. [epe,], FEI5 A%
TE 28 D7 18] | £ B 05 1) g JBE 5 1) 23 ) A 1k Sl
ny nge ng AT R TUDRE AR AR R AT — Y AR
N(n,n,n), X I KL R 25 4] GRE 1y B sy =
ey 73 H

Iy =1l +n(le—1,)/(m—1)
{SN—ss+n](sbss)/(nsl) (25)

ey =e +m(e,—e)/(n.—1)

TR N, my ) RSV RS DN Y AT 3% 58 19 a5 4

+ oo
Cin =
A {WG(GDOPA—GDOPE)/(GDOPS-—GDOPE)+WW/JSE

XA R B P A R, A
W+ W, =1 (28)

We 5 W IEBR S, JeE T TR AR LR R Al o
% 1&g Oh T RE R IH #E I8 2 LS % I8 GDOP 1y
HAE b, A I05E % I8 CAE O TR BR R I A, IR
55 X GDOP M35 A4 B AT BE 23 A T sl 2% ; [ =z W
Al BEXG N A Oh T A A BETR TS AE
23 HREH

— B TRAT A B AR LI P R 2 R B AL i
AL B BE | B KL L e KT RUBGRE  BR
T T i1 A ol | SRR RAT i B BR i 45T

H TP A R TR AT g, Al USSR

HH: 0= {@i9/90.9i=nix1l,q;=n;xl,q =m x1,
(ni—12 D&&n;+1<n), (n;—1>D&&n;+1<ny),
(i —12 D&&(n +1 < nedlo

ELARHL I B, AT LA 3 Ao 9] o R0 2 ] A% £
i S IO e 5 PR AR FL RS B SR A
22 RNEK

N TG TG IR 1T E U 2 TR AR, A SCH
EEAE ML At R EE SO

+oo #HAS5BAE
Cas = { Wo(GDOP, — GDOPy) + WyJ 5 (26)
FrA5 B i

K W, AR BRSO GDOP 48 A8 Ak 5 iF 4 4
oy W, AR BRI AR O TR BE VR T AR T (5 AL
# ; GDOP,. GDOPy4}Jill # 7~ € fi th T & &b F
A F AR R 28 A R S5 X A R R Y
GDOP #J{H; J,, J CAEH TR A4 £ RATE] B 1Y
AEVRIHFE

BD B0 3% P e AR T S T R TR A AR A S T 5
R, T AT SE R A AR AR 2 3R O KR
TR A 55 DX BN 4 R A Y GDOP Y {E A8k &5
Q@ S fh TAREBEIENEFE. T GDOP ¥y {25 fk
5D TR RRIE SRR TR SR A Wy B i,
HEESM, K, 2 30”43 0 15 — 4k 5 7548
e B TCAE O TR A T AR R R S IR 55 X
N 4 SR AL 5 Y GDOP#4I 1 iy GDOPs, WAETh T
B3 [ A MR 2 I AR5 X3 4 T R A AT
GDOP ¥J{f y GDOPy, ¥ fh TL A A B A% R0 i A5
T LR AT B B AR IR A SRR IR THFE R Jg, WY
PRI — Ak 5 Y B AR BRI pR B AR

AL BANIHE

(27)
# A5 B

B 7 e A R, DR d /M B K | IR K
AL SR KT S S PR A X 2 A T LA
H R X TR RNCT A0 b £, A SCl i B 2
() P9 A ] 5 i AR S o X TR Al RAT R, A
SCE A F ) 7 [R] e B R DA RR 1
24 BEMREL

TEWTHA 1 5 PO S5 AN BB , AR SOR EE
Bl TR [ A 0 ] LA A Ry 1 TR PN ) B IR
AR A, PR RS A R A ) R, T4
R R LTS, RS 4 a5 =2 ] B A A 400y 340 B A
R, T PR T B A LR T PR A oK T AR R
L R BRI 8 i AN SR IR B8 AR
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o S AR 1 2R ) JE ) 2 LR 7 125 A 8 floyd
Bk dijkstra 05 ATBIASE . floyd BILE Tl i
SKAR, F B U 2 R d 0 B AR IR, TR R, 81T
R RE BAIR; dijkstra 535K FH 500 B L SR, AT A R
B I S AR (PR, [ RE A AR T 1T R 2 AR
FH R A BB, HE LU B AR BT v s AT T
J& T e AT, 7EY R R s R B
(1 SO LAY e, B R s D M RYOR
T BRI Y ZE L R R T
S A R ) RS A, LB AR T A AR
ARSI, AR SOk AR IR TT AT .

AT AR R ECE A
S(x) = g(x) +h(x) (29)
o fo) LR AN SR g0 R SEBRAR A oR 5L
h(x) R JE B AR PR, SRR AN PR AR

ARS8 2 AN R E X (27) FR,
HU g(x) T GDOP A 55 ABAE AL A 357 /2 A Y i A5
NP R AR, 1 A(x) H GDOP R4 5 g #
FRA 5INPT i 5t ) B AR LRI 28 5 i BB AR A

A4k CLOSE 1 OPEN X 2 3, Hi & 14%
A7 A v A5 21 AR 6 19 5B 2 i a5 R
BRAR I 7 A5, S5 TR AR SR RS R AT R T A
NV NINEEE P 3 (I

HIE WIAREE, B B AR LRI LG 2 s A
OPEN %,

HI2 X OPEN R & ML AN R
BN K BEFTHET

HB3 i1 OPEN £ LS R EURAR
HEATH I, W 5 AU OPEN 3£,

$IR4 B OPEN Ee— i 5if8 %2 CLOSE K.

LTS BEREILE 2~ 4, HF] OPEN £
VAT s R B B AR R

3 hESH

AR SC LA 1R O R R 22 O 1 B
) 2 v R S AT R B T B AR LR 3, 2
R £ TSR 2 I o7 1 B AR R O T A I il
- mE ek sh 3k A

AR O TR S P TR PR E AL R R,
KA DD TR AR 7 AR O TR AT | R AR
TR R 4R 07 B . ) 2 i) X a0 e B 2 ol 2%
S, A SCRLE ST AR A S A I LABR L J5 3¢
B 45 B8 FRAV R — P sl JLFP 258 5 2L 45
FUIRIESA . 7 5 T H R MATLAB 2015b.
3.1 fHERE

AR5 B EER AR 1R

FEXSSWUIRSS oK, SR AR LR/ AARAE, B
RSB TR AR R 2 R

|

R R 2 ] I S5 DR S A e A ML 5 2 s
TR R S 25

|

SRAFGDOPEIIAL it 55 KA Oh T REVRTH FE A
H— %1

|

B EACH B GDOPIEEfL it 5 KO TL AL RE TR AR
7% HAYRGE

|

FUHA SR IEATIHAREZR, 153 S AR L ad B
PO 2% 5 ) B LA

B e
Fig. 1 Flow chart of simulation
32 HESHKE

1) KA R R 5 [ b ofle AR AL

2) HUIRSS X I 48 BV L 107°E~109°E,

3) SR S5 X Ik A B M L 39°N~41°N,

4) TR 55 DX Sl 28 B 1) | 4 BE O I SR A A
B 20x20,

5 ) BRI 23 18] e BE Y R : 2~22 km,

6) i )2 AR 30 000 m’,

7) )2 R Rl ) < B & 0,025, vk 1 KB
FE0.18, LA 0.7, HESERRE 0.9, B8 1M &R
#2.8x10°%,

8 ) Fi)z WA RATHEE (B 3.3.2 194M): 30 m/s,

9) [ A% M K] AR 4R 7 B (B 3.3.3 140 ): &
108.8°E, & & 39.2°N, /& & 2 km.,

10) BRI 28 [ 2 5 L 26 L e B ) I A ) 43
B (B 3.3.4 1548 : 20x20x10,

11) 2 524 W s 50 T3 27

Hi3EOh A 1(107°E,39°N,1 km);

Hoth TR 2(107°E,41°N,2 km);

i FEh TR 3(109°E,41°N,3 km);

Hi 3 T2 4(109°E,39°N,4 km).

33 fHEL

AT SO A TR IR R A5 RS AR
KATERAR (R IR B A2 ) TR AT LR, SR 5 X 2
1 BT 19 B A R R 235 R 2R A7 % L 43

B 3.3.1 75 4b, J5 SCRY Pk g L B o B YR
GDOP ¥J{H A2 fb i 5 VM O T2 B2 BB VR T4 #E 1 2 AL
FHR 27) b w=w=1/2) B A LR 45 5
331 REAEMXNERL ALK TR EMERILEK

ARSCAE 3 AR & N AT T REAR LR, 3 Ff
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1) GDOP #J{H s fk REALE M 56, KA th LA BE
TRIHAERLE y 0, BIZC (27) H, W=1, =0,

2) WD TR BB IR IS FEAE {15, GDOP 1A
AR R 0, BIEK (27) H, W=0, W=1.

3) GDOP ¥ {H 25 fb & 5 KA £ T0 A& G I 46
WCEM A 172, B 27) W, w=1/2, W=1/2,

3 PP T A B AR R A 45 SR R M g L A
2 fitos . AT LLE 3, AU 18 0 AR R0 45 215
MK . GDOP BIEAR L AL E AL ML T, th
TR M 4% GDOP Y S b, 7 2 A 5 T #6 5 K

109

108

Q)
7y s0107 st
(a) B FLRIE5
140%
120f;
8 ol
g 100
o
L 8ot
%
I 60 -
]:]
£ 4o} .
20t ‘
0 1 ) |. 1 1 !
1 3 5 7 9 11 13 15 17 19
AR A5 B
(b) Th T K4 GDOP
4F
-
g 3 e ]
i~ )
oy #
R
Y\_,J g": - .._.'.,A_._,,_.......‘.,.-‘...-‘--‘4----0-""'""'""
s "
o) e . L L L | L L
1 3 5 7 9 11 13 15 17 19

B AR
(c) CREDH AL RRIRIHFE
— GDOPHIEZZ LIt S REBIHFE FHIRGE o BRI ARG (TS
GDOPEIAZ LI H 5 o P KAT
B2 RIS RS HE TR 1L
Fig.2 Comparison among path planning results and

rectilinear flight path

Fez, WHEDh TR RETRIHAEA AL B M oL, &
fiE O T2 RE R AR A D, (B JLIM 2% GDOP W8 4%
18 ; GDOP Y {F 42 fb 2t 15 R O 102 RE USIH #6115
WCEAEI T, th T E M4 GDOP 5 ReITHAEE T .
RO AE RS B AT B AR PERE L
BAEO . ATLAE M, 5 HE ATBRARAH L, B R
) 45 R AT DAAT R8s A O LR ERE . 7E GDOP
PE AL S T O TR R R #6124 AR A 1
OLT, B4 GDOP Y H [ i 7] 1k 31.50%, fiE IR {HAE
Ré& i T 3% 70.03% .
F1 BEANSRSELZ UTHREMEELR
Table1 Performance comparison among path planning

results and rectilinear flight path

BRI REVRTSRE %72 GDOPYIE
GDOPHJ{HEAEfb it 5B IA 0. 11x10" 018
THAET- YRR ' :
GDOPHHA L AL E L S 4.10x10° 26.09
RBURTHAEA R 7.29x10° 21.67
B T 3.04x10° 29.46

3FALET, P2 A ) AETH AR A R IR 4
WA 7.04x10% T, 0.30x10% T, 1.40x10° J, 5 A2 (1)
MR S A R A O, (HLEAR U, T RE BE
FELE BRRRFE T 5 LLAR /N
332 T’ATiREATRARIR] 6900

S SY AR DR TR AT X B AR R R
SRR, A SCAE AL BS80S 3.2 97—
ZET, BB 4 B AR O TR RATEE 20 m/s, 25 m/s,
30 m/s F1 35 m/s AT 0 B, OF A5 R 3 s .
4FPRATHE T, QDD TR A RE IR I FE S B4R
GDOP #JfH N2 2 i .

M 3 I 2 K F, W FASCE B B AR,
TCHETH TR TE 20 m/s. 25 m/s U T 4 42 R R 45
W, 7F 30 m/s. 35 m/s BN Y AR R 45
FEI, 4 B i AR BRI 25 5 () GDOP P {E #H 25 A K,
{H2 A O TR BB IR THFEAETE LY 26% MY 25 5 .

333 HLRIAL EXTHEAZRIR] 0T A

SRy H B B AR R A X TGO B TR AR R
RN 25 5052, A SCHAE A LS 500 5 3.2 1 —
SRR, P8 S BRI R 50 F TR B TR I
RHEAT LA, 5 Fh A [ A IR A A0 9310 Ry R 55 IX 35
B 4 A3 5 SRR S5 X s mpos o5, A ELAS SR AN 2] 4
Fimo SFRLRIER ST, D T ENRRIREFES
%4 GDOP ¥J{H N 3 FiR .,

ME 4 FN3e 3 K F, X FASCIR B i B4,
DA R 55 DX 388 0 A Ry O B T B A R K A
SR A R, O TR M2 GDOP Bl 355508 i W i, 1%
& GDOP PJ{E 5 3% e KAH I 51.08%, H KA
TR RE R T FE /b, BB R T RE A 2 B K (E
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Fig. 4 Comparison among path planning results of

P 3 R RAT R I AR AL S5 R H

Fig.3 Comparison among path planning results of different planning starting points

#3 TREMXESHBERRGERERELER

Table 3 Performance comparison among path planning

different flight speeds

#2 TREMTEEHBRERRER TR

Table 2 Performance comparison among path planning

results of different planning starting points

R AEURTHAE/ 12 GDOPYH
results of different flight speeds At f 1 48%10° 18.12
KATHE/(m-s ™) AETRINRE 12 GDOPYE e 1.28x10° 23.84
20 1.24x10° 26.27 e a] 1.01x10° 26.88
25 1.16x10° 26.29 [y 8.94x10° 18.58
30 9.11x10° 26.27 s 8.61x10° 13.15
35 9.31x10" 25.30

41.82% At #1 F) 6 A B A0 45 SR 00 A P T3 2 1Y)
2% GDOP. & fift th TL 2 RE IR I AESF 7 R IHA —.

3.3.4  AHLR|E R PSR 5 RE X RAR AR 49 % o8
3 A AL 25 T A i S TR O T

A L R 25 2R 1Y

R, AR SCTE KA S
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32 W BN, S BIAE K7 1) BT )% T4 RREIKEF MG SR B E M LS R A% AL
MRz a T T 2 MR 4. B, BEE AW Table 4 Performance comparison among path planning
R K& B [ 52 M 10, 7K S 57 1) 0 A& Sl 45 0 43 1) results with different numbers of grids in horizontal direction

SA10x10, 15x15,20%20, 25%25,30x30, 35x35. 40240, AR 1 A B AT FE/T B #GDOPHI
Hpg R 25 5 gDy TR M REIEH A 5 42 12:12 i;;‘:gz iézj
GDOP ¥ {H &l 5 Mk 4 iR . 8RJ5, ¥ KV o 2020 -~ o
T ) A% 5B ] G S 1515, T L7 1] RS ) 43 B 25x25 0.05x10° SLoa
34 10, 15, 20, 25, 30, 35, 40, HERARALRIAER, 30%30 7.62x10° 21.89
TG B T Y RE IR TH AR S B8 42 GDOP S {H an &l 6 35%35 7.82¢10° 20.09
e 5 i 40~40 7.39x10° 19.16
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Fig. 5 Comparison among path planning results of different Fig. 6 Comparison among path planning results of different

numbers of grids in horizontal direction numbers of grids in vertical direction



55 5

s, 55 BT P02 R I 23 Sk O T2 AR AL R B v

1079

x5 TREEHEMBHEHBRERKIZERMRELER
Table S Performance comparison among path planning

results with different numbers of grids in vertical direction

T 7 [ A B i AETRIEFED %12 GDOPHE
10 1.33x10° 26.87
15 1.35x10° 26.63
20 1.36x10° 27.46
25 1.55%10° 25.82
30 2.05%10° 28.30
35 1.79x10° 28.18
40 2.05%10° 2431

K77 18] 9 A 5 43 85 B IR 10X 10 38 11 51] 4040, 1%
# GDOP 4 {H 5 & O 95 fil VR 7 FE B 1A St i 3%
e, F§AE GDOP S 1A PRI 5 39.92%, CAEth DA
BE VR FE AR A 35.18%. M 3 1 7 1] 19 % Jal 23 %
A 10 380 2 40, "RAE O TR PERR A 15 B KR
B

4 %&£ ip

1) 78 CAE O T2 S IR 55 0 FH 5 oK H 2538 1)
AT s T, A 02 R DY TR B AR LRI 5T,
DA FH S5 AL 1 8 105 R BB A 19 S I 5 AR

2) ASSCHY RS B TR AR B T 1 R 6% AE 2
e 0h T A M 2% GDOP 1 [RI I, M B AR G AE O T2
REURTAE . TEARSCIDT BT, IR RIS R S
H&RATHARHI L, #4% GDOP ¥ 5 WAEth L2
i Y% T 11 4R T 2477 30% o

3) KAEfH DEBAEMRI G R ZZMHEEE
Mo O ELEE SR, CAEDh TR RATHE A 20 m/s
HhnE) 35 m/s, B4 GDOP ¥I{H 28 {b A B &, {H &
RE R T FE 22 SR 5 S5 IX 33 Bt A Ak gD
TR B AR RN R AR L, R 55 X PR TR
filt th T B A R R R A B A GDOP HJ1H . RE IR
FEAF 7 A AE W AL B TR 7 1) 14 I ki 4] 5 1]
I A 4] 43 Hicke:, A BT R [ A2 GDOPSA A, BRI
TKHEDh TR REVR TS FE

4) A T A | AR Bh ) 2R R A 4
WbAT T AR, S PR K A e AL KD
L RREW. RANFELZMERNER, CEh DA
AT R T R & AR AR A B AR R A L S
T, S5 22 n] 6 e EA T B R R A A Y
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Path planning algorithm for airborne pseudolites installed on
stratospheric airships
QU Yi"?, WANG Sheng"*", ZENG Lingchuan" >, GONG Yingkui'

(1. Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100094, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Airborne pseudolite navigation systems depend on geometry configuration, however previous
research on how to create the ideal geometry configuration with the least amount of energy was limited. To solve this
problem, the path planning algorithm of airborne pseudolite installed on stratospheric airships was discussed in this
paper. First, the effect of pseudolite geometry configuration on positioning precision was analyzed. Second, the
stratospheric airship dynamic model, wind field model and stratospheric airship energy consumption model were
studied. Thirdly, a grid-based strategy for planning space establishment and path representation was described.
Furthermore, a novel cost function for stratospheric airship path planning comprising positioning precision index and
energy consumption index was designed. Based on the classic A" algorithm, a path planning algorithm for airborne
pseudolite installed on a stratospheric airship was constructed. And finally, simulations were executed with various
inputs to verify the proposed algorithm. The outcomes of the simulations demonstrated that the suggested approach
may effectively increase geometric precision improvement while lowering stratospheric airship energy consumption.

Keywords: stratospheric airship; airborne pseudolite; path planning; geometric dilution of precision; energy

consumption
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i B N THRHAKIAA R A Herbst Hlzh ¥ iy e 5 4B R E 20 PIAL, #Fl THEM
Herbst LA Z S Wy MR R IR E, KR TEZH/RARFMELAR; HHRBREKE, 7T RMEA
H AT R A Herbst Lzt F MR REHHES, REATHEREFHFENTENE, 2N TZHSEAER
BEHWHEAE, FREW . Herbst Mot # hiFRZ 50 TE ok B TN B, [E4EE 50 I Boxt
BREHERRARE; AHFOLENE, BREFHOUREE T2 AEHASX, LEXMEER
X; ey X EZ KX, YRRBMEMEN 0.01 B, FLAE A BIE RS 50 dh &AW A 5002 71
EARES, WA S ER A, £ — W0 AEEN, AARRE M ETE A RNEN S

fRNRERESN G EERNSH

X 8 A: Herbst #l3h; MLEEER; RMEHHAR; FURRLE; HrRm%E Mm%

hESES: V2217
NERERRL: A

b 2k AL B B8 1 2 RS ML T RE R AR 2
—, Hovr, S RUBL Bl 2 AR B e (Herbst) ALBN . fEAS
52 Ji Herbst AL 20 € 32 ¥ 1 A A6 50 % S8 Lt 2 AL
HBE N BRI R A T-B . Herbst L3N, R N4
FHLBh (J-turn), FFRFAF &/ NE S 242 R sk AR
Fo 1. 1993 4F, X-31A" g 52 B T Herbst AL 30
Bl f Ry S dloF Rk AMLSh & B B, &5
29 2 s B AR PLRS, R AIRAE A AT 2 S A DX
P LG8 I O Bl e e 29 180°, LIy R AT R i
2y 45 m/s, P52 30 ff DU T IR R Y kR T A X
I, AN SF KR HHLBh . Herbst AL 5 RE 4% 2 BLHL K
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Fig. 8 Phase plots of roll oscillations in slow Herbst70 maneuver
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Test study on wing rock in Herbst maneuver
LI Qian’, WANG Yankui, JIA Yuhong

(School of Aeronautic Science and Engineering, Beihang University, Beijing 100191, China)

Abstract: A wind tunnel device simulating Herbst maneuver and the related motion/flow synchronous
measurement technology are developed. By the device, the roll oscillation of the chined-body configuration
undergoing the Herbst maneuver is studied. The device is used to study the roll oscillation of the chined-body
configuration during the Herbst maneuver. The main stage form the rolling motion is revealed and the influence of
motion parameters on the rolling motion is analyzed. Results show that the roll oscillation in the Herbst maneuver
mainly comes from the pitch-up stage, and the conical motion stage has little effect on the rolling motion. In the pitch-
up stage, the rolling motion can be divided into the quasi-static region, transition region and sine-like region. As the
reduced pitch rate is 0.01, the curves of the rolling motions undergoing pitch up coincide each other before the pitch
angle of 50°, and after that pitch angle the curves are dispersed. The reduced pitch rate can be used as a dimensionless
parameter for the rolling motion of the chined-forebody configuration undergoing pitch up within a certain range of
pitch angle. The rolling motion of the chined-forebody configuration undergoing pitch up within a specific range of
pitch angle can be described by the reduced pitch rate, which can be employed as a dimensionless parameter.

Keywords: Herbst maneuver; wing rock; chined-body configuration; wind tunnel tests; reduced pitch rate
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Table 2 Comparison of hydroplaning speed at

different loading positions
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Hydroplaning behavior of aircraft wheel group and additional resistance due to
accumulated water on pavement
LI Yue, ZONG Huihang, CAI Jing', DAI Xuan
(College of Transportation Science and Engineering, Civil Aviation University of China, Tianjin 300300, China)

Abstract: Aiming at the difference of hydroplaning behavior characteristics of aircraft wheel group during
different taxiing processes and under various accumulated water conditions, the additional resistance of accumulated
water is studied in this paper. The critical judgment index of hydroplaning traditionally based on the vertical
supporting force on the tire print is improved.The main landing gear of Airbus A320 model is studied as an example.
A fluid-solid coupling model of two-wheel configuration running on the pavement surface with accumulated water is
established for hydroplaning analysis. Regular analysis of influence factors related to additional resistance is then
carried out. Results show that the additional resistance reaches its maximum value at the critical condition of tire
hydroplaning. The difference of the hydroplaning speed between the numerical simulation and NASA ’s equation
calculation is less than 5%. As compared with the supporting force, the additional resistance of accumulated water is
considered to be more suitable for hydroplaning analysis, which may continuously affect the taxing process of aircraft
after the critical state. Instantaneous hydroplaning may occur when aircraft tires land on the pavement at a rather high
speed. The water resistance during landing is smaller than that during take-off. The critical hydroplaning speed during
landing is reduced by 8.3%~10.6% as compared with that during take-off. Therefore, the risk of aircraft hydroplaning
during landing is increased, which is in good accordance with the rules of accidental statistics. The distribution of
accumulated water is affected by rut deformation of the pavement surface, which may lead to temporal and spatial
differences of hydroplaning development within the wheel group.The number of tires can be approximately taken as
the wheel group coefficient of water resistance with an idealized water distribution. The median value of such a
coefficient is smaller than 2.0 for wheel groups running on the rut pavement surface. Thus, the overall deceleration of
landing aircraft can be postponed.

Keywords: aircraft wheel configuration; tire hydroplaning; fluid-solid coupling; additional resistance; wheel

group coefficient
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Numerical study on heat transfer of supercritical RP-3 aviation kerosene in
vertical helical tubes

WANG Yanhong1 , LU Yingnan1 , LI Hongweil‘ . LI Sufen’, DONG Ming2

(1. School of Energy and Power Engineering, Northeast Electric Power University, Jilin 132012, China;
2. School of Energy and Power Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract: To understand the cooling heat transfer problem in air-kerosene heat exchangers, numerical study on
the heat transfer of supercritical RP-3 aviation kerosene in vertical helical tubes has been conducted. The heat transfer
characteristics and mechanisms under different operating parameters and structural parameters were investigated,
including the average heat transfer along the flow direction, and the local heat transfer along the circumferential
direction. The temperature and secondary flow distributions in tube cross-sections were discussed. The effect
mechanism of centrifugal force on heat transfer was analyzed through radial differences of velocity and turbulent
kinetic energy. Based on the error analysis, an effective heat transfer correlation was obtained. The results show that
the enhanced heat transfer appears in the downstream section, and the local deteriorated heat transfer is observed at
low-pressure condition. The centrifugal force results in the abnormal lateral stratification of temperature in the fluid
domain, the uneven thickness of boundary layer in the circumferential direction, and the secondary flow in tube cross-
sections. The outer position has the large fluid velocity and turbulent kinetic energy. Hence, the heat transfer of the
outer position. is significantly better than that the inner position. Increases the pressure, decreases the heat-mass radio,
increases the helical diameter, and increases the pitch could suppress the effect of centrifugal force, leading to the
weakened secondary flow intensity. The Merkel heat transfer formula can better realize the heat transfer prediction of
aviation kerosene in vertical helical tubes.

Keywords: helical tube; supercritical kerosene; nonuniform heat transfer; centrifugal force; secondary flow
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Global path planning of stratospheric aerostat in
uncertain wind field
ZHAI Jiagi, YANG Xixiang', DENG Xiaolong, LONG Yuan, ZHANG Jinglun, Bai Fangchao
(College of Acrospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: The path planning in an unknown wind field is the main application challenge for stratospheric
aerostats, which are a crucial platform for exploring the region of near space. The research object of this paper is
stratospheric aerostat with certain horizontal actuation which are encountered with low dynamic, huge structural scale
and the flight performance significantly affected by environmental wind field. An approach of two-dimensional global
path planning based on the Markov decision process (MDP) in the wind field is presented, in which the problem of
path planning is regarded as looking for the optimal path with the shortest time required for rapid deployment from the
current location to the target. The actual wind vector field is not known exactly and may deviate significantly from the
wind velocities estimated by the model. Since the exact wind vector field is unknown, it is possible that it will differ
greatly from the model's predicted wind velocities. To address this issue, our technique explicitly incorporates wind
uncertainty into the path planning algorithm, and designs the related parameters of approach in order to establish the
determined wind field model and the uncertain wind field model . To solve this problem, we developed a method that
explicitly accounts for wind uncertainty in the path planning algorithm and designs the relevant approach parameters
to create both a determined wind field model and an uncertain wind field model. The reachability of aerostat with
horizontal actuation in a given region relative to the target under different wind field models is compared, in addition,
the shortest flight time path and the optimal action sequences are planned. The numerical simulations show that the
optional path and actions sequence change with difference of the positions of start/target, the horizontal actuations and
wind field models. The numerical simulations also show that the regional accessibility enlarges and the difference of
the influence between two wind field models on the two-dimensional global path planning of the aerostat decreases
with increase of the horizontal actuation of the aerostat.

Keywords: Markov decision process; stratospheric aerostat; path planning; uncertainty of wind fields;

reachability
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Table 1 Ka band phased arrray antenna working mode and heat dissipation w
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Fig.2 Satellite coordinate system and configuration
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Fig. 5 Heat transfer path of heat pipe network
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Table 6 Heat dissipation distribution of

honeycomb panels under simulation conditions W

Pyt HFE

—X R 194.1

+X BT 189.1

FYUEFT AR 72.8

—Y SR 34.6

+ZIEET A 757.5

AT 876.6
R EE/C
49.41
4524
41.07
36.90
32.73
28.57
24.40
20.23
16.06
11.89
7718

Ko fiEIRERR
Fig. 6 Simulation temperature
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Table 7 Phased array antenna heat flow

distribution A\
st MR piEEe] dalea AR
vt .
Kk Kk2 BRI RE
Jia) 5 [ 2 -69.3 —67.8 —44.3
[+ZiRf% S -120.2 -122.1 -32.7
I+ Z AR 4.1 —4.4 -1.7
WS A A 37.0 36.0 24.0
WF_XKZSF1/2_1
= - -193 -18.1 -9.3
(WF_XKZFS_1)
WF_XKZSF1/2 2
- — -18.0 -16.8 -17.0
(WF_XKZFS_2)
F XKZSF1/2
WE_XKZSF1/2_3 -19.6 -14.2 -21.1
(WF_XKZFS_3)
WF_XKZSF1/2_4
= - 214 -11.2 -103
(WF_XKZFS_4)
WF_XKZSF1/2_5
- - -19.0 -20.3 -17.1
(WF_XKZFS_5)
WF_XKZSF1/2 6
= — -17.2 -19.5 -20.5
(WF_XKZFS_6)
WF_XKZSF1/2 7 -14.8 -20.7
WF_XKZSF1/2_8 -14.1 -20.9
AR 300.0 300.0 150.0
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Table 8 Heat pipe conduction power W
Frs T i IR

1 YM_+Z1 41.2

2 YM_+72 86.2

3 YM_+73 41.9

4 YM_+Z4 14.6

5 YM _+75 432

6 YM_+Z6 90.2

7 YM +77 415

8 WF_U1 393

9 WF_U2 47.7
10 WF_U3 359

11 WF_U4 36.9
12 WF_U5 50.2
13 WF_U6 37.3
14 YM +Y1 51.9
15 YM_+Y2 40.2
16 YM_+Y3 15.7
17 YM -Y1 31.2
18 YM -Y2 11.0
19 YM_-Y3 37
20 WF_L1 152
21 WF_L2 18.4
22 WF L3 19.4
23 WF L4 16.0

+Z WAL T 82.5 W Z Y M, A BH WA AR 21 40 5 55 XF
=Y B 11.5 W, 38 5 8 P e 53 AR 0] ) SRS 2 W
Y M 7] 75 (8] 5 5 D) 3R AH 25 T8 L, BEEH U B #AEE i
N THEEY HA+Z M AER .

R BEREHRSH

Table 9 Heat flow distribution between honeycomb panels W
ESil] 25 ()RR HCH WM MATR UBIAE 55 LA 55 K BHLAR B PAY e 3 A ) e
+ZM ~773.5 396.9 —247.3 48 -36.5
~ZM -927.0 246.6 69.0 0.3 44.6
+YH 2127 31.0 164.8 -33.5 10.5 2.0
-Y# —228.0 159.3 82.5 -35.5 115 -2.0

WAE DA R BEAEF 55 58 7, 35 F K B v vl
8K ) )L F4) (solar array drive assembly, SADA) 7 K
K BHWAAR WG Sh 20, 78 TR BAANEFE T, AR
X H A ] 3R IR R, 5 EL 43 A A5 AR B R AR
s, 5 RLACKR S D i PN I T AR () 2 T A
FIBEL 0 23 [0 4 S AR BEL A, 6 o Al i) S 46 B i o L
N, TEAE TR SRR AL T B AR T A AT
(T

4 IRINIE

R PV I 5 AR D R R BEAT ISR B, B
BLYE R BIREAF . 1056 7E KM6000 HL 25 B N #EA T, %
JR AT IR BMRLAR , SR FH 222 £ 40 o 4 8 PA) A 42 Ut e A5
SN, RS G 7 PR o Wl T S B
TOL— 8 PIERIEARWEE . L 21 g -60°,
B A BB BH T, AR U E A, Horp 2
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Fig. 7 Prototype satellite thermal vacuum test
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Fig. 8 +Z panel temperature measurement points
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Fig. 9 Heat pipe network heat transfer path temperature

measurement points
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Table 10 The crisscross heat pipe networks

temperature distribution C
g o FadsiiL s
T10 YM_+Z2+Y 323
TI1 YM_+Z2-Y 1l 329
TI12 YM +Z3 35.8
T13 YM_+Z75 37.9
T14 YM_+Z6+Y 1l 32.0
T15 YM_+Z6-Y 322
T17 WE_XKZSF1 2 43.7
T19 WF_XKZSF1_4 38.6
T21 WF_XKZSF1 5 473
T23 WF_XKZSF1_7 435
T25 WF_XKZSF2 2 46.7
T27 WF_XKZSF2_4 45.8
T29 WF_XKZSF2 5 472
T31 WF_XKZSF2 7 37.6
T33 WF_XKZFS 2 40.9
T35 WF_XKZFS 5 424
T36 YM_+Z1 30.0
T37 YM_+77 30.1
T38 YM_+Z4 45.0
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Table 11 Heat pipe networks temperature

distribution C
K o FaASTRLEE PG A AR 2
T49 WE_L2+Y 1| 21.6 0.4
T50 WF_L2-Z{l| 21.2 0.4
T55 WEF_L4-Y 1| 223 0.4
T56 WF_L4-Zf] 22.7 0.4
T67 WFE_UI+Y 1l 27.7 0.4
T68 WE_U1+Z{l] 27.8 0.4
T69 WF_U1-Y1ill 28.1 0.4
T70 WE_U2+Y 1l 31.9 0.6
T71 WF_U2+Z{il| 32.1 0.6
72 WE_U2-Y 1l 31.5 0.6
T73 WEF_U3+Y 1l 34.1 0.4
T74 WF_U3+Zfill 345 0.4
T75 WF_U3-Y 1l 345 0.4
176 WEF_U4+Y 1l 345 0.4
77 WE_U4+Zl 349 0.4
T78 WE_U4-Y1il] 34.6 0.4
T51 WEFE_L1+Y 1 22.0 0.2
T52 WE_L1-Zfl] 222 0.2
T57 WF_L3-Y1l| 23.6 0.2
T58 WE_L3-Zil] 23.4 0.2
T79 WE_U5+Y1il] 30.2 1.0
T80 WE_US5+Zl 30.4 1.0
T81 WEF_U5-Y1il 31.2 1.0
T82 WF_U6+Y 1l 29.0 0.1
83 WF_U6+Z/il| 29.0 0.1
T84 WE_U6-Y 1| 29.1 0.1
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Heat transfer path design and heat flow analysis of
satellite phased array antenna
WU You', KONG Lin"", SUN Qianggiang', ZHANG Jiliang’

(1. Chang Guang Satellite Technology Co., Ltd., Changchun 130033, China;
2. The 54th Research Institute of CETC, Shijiazhuang 050081, China)

Abstract: The crisscross heat pipe network was designed to convert the point heat source into a surface heat
source in order to meet the heat rejection of multiple heat sources, high power dissipation, and large power density of
the satellite phased array antennas, consisting of external heat pipes and embedded heat pipes, Additionally, U-shaped
heat pipes coupling +Z panel and +Y panel were used to strengthen the heat transfer between honeycomb panels, the
satellite heat flow was analyzed by finite element model and experimentally verified. The simulation results show that
the U-shaped heat pipes conduct 32.9% of the satellite phased array antennas heat dissipation, of which 66.6% is
conducted to the +Y panel in the shaded region and 33.4% to the —Y panel in the sunlight region. According to the
experimental findings, phased array antennas' temperatures meet interface requirements and the temperature
differential between the heat pipes was less than 1 °C during the satellite's long-term peak operating mode. The heat
pipe network meets the heat rejection of the satellite long-time peak working mode, the crisscross heat pipe network
has been verified, and the U-shaped heat pipes couple +Z panel and £Y panels, which solves the problem of
insufficient heat rejection of single honeycomb panel.

Keywords: phased array antennas; heat transfer path; heat pipe network; finite elements; heat flow analysis
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Table 1 Reconstruction quality of extinction coefficient

under different laser noise
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Fig. 9 Reconstruction result of soot particle concentration under three operating conditions
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Table 2 Reconstruction quality of soot flame particle

concentration under different laser noise

T4 SNR/dB e T4 SNR/dB e
T4 15 0.9893 || T2 30 1
Tl 20 0.9988 || T-1%2 35 1
TH1 25 0.9999 || T-%2 40 1
ERUA 30 1 T3 15 0.9834
THtl 35 1 TH3 20 0.998 3
Tl 40 1 TH3 25 0.999 8
TH2 15 0.9901 || T-%%3 30 1
T2 20 0.9987 || T3 35 1
TH2 25 0.9999 || T3 40 1
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Fig. 10 Reconstruction result of flame temperature under three operating conditions

T4 SNR/dB e T4  SNR/dB e

Tl 15 07929 || T2 30 0.826 0
Tl 20 0.8121 T2 35 0.8412
Tl 25 0.8161 T2 40 0.8957
Tl 30 0.8289 | T4L3 15 0.7440
Tl 35 0.8396 || T3 20 0.770 4
Tl 40 0.8677 | T4L3 25 0.800 4
T2 15 0.756 5 T3 30 0.8166
T2 20 0.8058 T3 35 0.8344
T2 25 0.8189 T3 40 0.907 8
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Fig. 11 Reconstruction result of H,O species concentration under three operating conditions
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Fig. 12 Influence of laser measurement signal error on reconstruction accuracy of H,O species concentration under three

operating conditions
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Multi-parameter reconstruction of soot flame based on active and
passive tomography

GAO Baohai"?, QIHong"”>", SHIJingwen"?, NIU Zhitian"?, REN Yatao">, HE Mingjian"’

(1. School of Energy Science and Engineering, Harbin Institute of Technology, Harbin 150001, China;
2. Key Laboratory of Aerospace Thermophysics, Ministry of Industry and Information Technology,
Harbin Institute of Technology, Harbin 150001, China)

Abstract: A new combustion diagnosis and measurement technology should be developed in order to realize the
collaborative reconstruction of multiple physical parameter fields, such as the three-dimensional temperature field, the
radiation physical property field, and the component concentration field of the gas-solid combustion products of the
high-temperature soot flame. In order to overcome the problem of low efficiency and low accuracy in the coordinated
reconstruction of flame temperature and radiation property caused by unknown radiation characteristics in practical
engineering applications, a new method of collaborative reconstruction of multi-physical parameter fields of high
temperature soot flame based on active and passive tomography fusion is proposed by combining active laser
tomography absorption spectroscopy and passive radiation imaging technology. Based on the radiation transmission
mechanism of the flame dispersion medium, a multi-parameter collaborative reconstruction model of active and
passive tomography is established by combining the transmission measurement signal of laser tomography and
spontaneous emission light field measurement signal of flame in the multi-spectral range. According to the numerical
simulation flame and the combustion experiment data of Yale University, the cooperative reconstruction of three
dimensional radiation physical property, temperature and the gas-solid two-phase combustion product component
concentration field of the high-temperature soot flame was simulated and studied, and the error transfer analysis is
carried out on the measurement noise of various signals. The results show that when the laser signal-to-noise ratio is
greater than 25, the correlation coefficient of the reconstructed extinction coefficient field of the simulated flame is
close to 1, and the reconstruction results of temperature field is in good agreement with the true value; When the laser
signal-to-noise ratio is greater than 30, the correlation coefficient of reconstructed soot concentration field of the
experimental flame is close to 1, and the correlation coefficient of the reconstructed temperature field is about 0.83;
The influence of light-field signal measurement noise on temperature reconstruction accuracy is more significant than
that of laser measurement noise, and the calibration accuracy of laser and light-field measurement system should be
ensured in the measurement process to improve the accuracy of parameter reconstruction.

Keywords: active laser tomography; light field imaging technology; high-temperature soot flame; inverse

radiation problem; multi-parameter reconstruction
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Shape optimization of isogeometric boundary element method using
flower pollination algorithm
GAO Xiang"?, WANG Linjun"*", LIU Yang"?, CHEN Baojia"?, FU Junjian"’

(1. Hubei Key Laboratory of Hydroelectric Machinery Design and Maintenance, China Three Gorges University, Yichang 443002, China;
2. College of Mechanical and Power Engineering, China Three Gorges University, Yichang 443002, China)

Abstract: In order to avoid discretizing the whole structure and reduce the error between the geometric model
and the discrete model, a shape optimization method based on the flower pollination algorithm and isogeometric
boundary element method is proposed. The boundary element method only needs to discretize the structure boundary,
and this simplifies the discretization process. The boundary element method only needs to discretize the structure
boundary, and this simplifies the discretization process. Furthermore, the isogeometric analysis is exploited to improve
the accuracy. Firstly, the objective function is to minimize the displacement or stress, and the constraint condition is
that the structural area is equal to the specified area; secondly, the constrained optimization model is transformed into
an unconstrained optimization model by using the augmented lagrange multiplier method; Then, the bearing condition
of the structure is analyzed by the isogeometric boundary element method (IGABEM); finally, the elite opposite-
based learning strategy and large scale estimation of distribution algorithms (LSEDA) are used to improve the
flower pollination algorithm, and the coordinates of control points are optimized by the improved
flower pollination algorithm. After that, the boundary of structure is constructed by the non-uniform rational B-splines
(NURBS) basis function, and the optimal structure shape is drawn. According to the test findings for the Ackley
function, the enhanced flower pollination algorithm converges in 14 steps as opposed to 136 steps for the original
flower pollination algorithm, and its minimum value is 8.881 8x10™'° less than 0.001 4, demonstrating that it is more
capable of optimization. The computational results of shape optimization show that the proposed algorithm can
effectively solve two-dimensional shape optimization problem based on isogeometric boundary element method.

Keywords: flower pollination algorithm; isogeometric analysis; boundary element method; shape optimization;

Lévy flight; estimation of distribution algorithm
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HhILE:

e R GE

B2 WAHBFERARESREA L
Fig.2 Wing-body fusion aircraft with boundary layer suction
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Fig. 3 Internal diagram of the core machine
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Fig. 4 Simplified schematic of the distributed propulsion system

Table 1 Fan system parameters of cruise state

B HifE

A O R /m® 14 800
BRI R /m® 11 000
FEME I FLER/K 0.85
i (kgs™) 1620
e A /m 7.939

F2 EYRSRBRGZSH

Table 2 Fan system parameters of takeoff state

e HfeL

A I R /m? 24.8
W R /m? 13.53
FEME S EER/K 322.5
i (kg s™) 4362
f SR AT 7.939

®3 BRSO SH

Table 3 Core parameters of cruise state

B HfeL

A R /m? 1.46
BRI T Ay m’ 2
FEME I FETR/K 710
F i (kgs ™) 95.5
f SR AT 7.939

T4 ECRTRONESH

Table 4 Core parameters of takeoff state

ZH Kife
HEIE O TR m? 1.46
FEBE I O A/ m? 2
FEmE T H LR/ 820
Jhkii it/ (kgs™) 256.92

f S ANET 7.939
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1.2 BUETEMMRIEIE
12,1 B AL 5o sk R R f

AR SC e T AT N 1] RS S BB 5, A
= 4k 2 H 75 W Navier-Stokes F ¥J J7 # (Reynolds-
averaged Navier-Stokes, RANS) 1F 45 il 1 2, %
TRy 0 B 2R 5 SR A O vk B Bk B2 SK A i
WAL S-A(spalart-allmaras ) #5580, % Fi & /) 2 3%
RN IO B i 4 FRRE T 25 . HEHERGEA T
ST O, R G D AR PR R AL
122 MAARA R K X HEIE

FAR ] C-H BUZS A S, 78 RHLET S 2 AL
PR T | H It 8 3 T I A R G ok i) R AT o 42 Ak L,
837 52 1] R [k 370 S 25 S 40 AL B . Tk 5
2 6 T, 76 Dk Ma 7 0.85, 4 a Ky 3.2°0f
HEAT SR 1 2 WIAK v B2y R I A% B30 TG DG ME I .
H, ¢, AT &80, C, ML R4

£S5 FRyhMBHITEEREE (Ma=0.85, a=3.2°)
Table 5 Comparison of calculation results of different y;, .

grids (Ma=0.85, a=3.2°)

PIARECR/10T  SUZMRRE i G, C,
310 1x10° 200 03669  0.01775
310 1x10™ 20 03640  0.01812
310 1x10°° 2 03625  0.01820
310 1x10°° 02 03627  0.01821

*6 TREMEHEITELERILE (Ma=0.85,a=3.2°)
Table 6 Comparison of calculation results of different
overall grid densities (Ma=0.85, a=3.2°)

FROERE0Y  BURMESEE  vh. G c,
100 1x10° 2 0.3530 0.019 64
190 1x10°° 2 0.360 7 0.018 82
310 1x107° 2 0.3625 0.018 20
430 1x10° 2 0.3637 0.018 07
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Fig. 5 Installation schemes of core machine
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Table 8 Calculation results for different core arrangements
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Table 7 Calculation conditions in cruise and take-off

a7l C, C, Cy K

Case0 0.3620 0.016 60 0.007 1 21.81
Casel 0.3428 0.015 61 0.0136 21.95
Case2 0.3359 0.01529 0.0190 21.98
Case3 0.3375 0.015 66 0.0170 21.55
Cascd 0.3413 0.015 66 0.0149 21.79
Case5 0.3452 0.015 83 0.0121 21.81

AT WMEAK R R HEY

M m B MFR Pa K (kgrm™)
K 0 0.265 1.594 101325 2882 12249
A 11000 0.85 0.714 22700 2167  0.3639
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Fig. 6 Comparison of surface pressure distribution on models

with and without core mechanism
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Fig. 7 Power system with different swept-back angles
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Table 9 Calculation results for different swept-back angles

of power system

JEHS0/(°) C, o C, K
-30 0.344 4 0.018 57 0.026 1 18.54
-20 0.359 8 0.017 42 0.003 0 20.66
-12 0.366 8 0.016 38 —0.005 6 2239

0 0.3510 0.015 66 0.006 8 2242
45 03427 0.01561 0.013 6 21.95
13 0.3249 0.01622 0.0227 20.03
22 0.3077 0.01826 0.0263 16.85
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Fig. 8 Comparison of pressure distribution on the upper airfoil

for different arrangements
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Fig. 9 Variation curves of cruise aerodynamic parameters with
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Fig. 10 Different chord positions of power system
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Table 10 Calculation results for different chordal position of

power system

HIEIL, C, c, C, K
0.75 03723 0.01883 -0.009 5 19.77
0.78 0.3688 0.01742 -0.009 0 21.18
0.80 0.366 8 0.01638 -0.005 6 2239
0.82 03421 0.014 59 0.0249 23.45

(a) L;=0.75 (b) L;=0.78
(c) L;=0.80 (d) L;=0.82
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Fig. 11 Comparison of surface pressure distribution on different

chordal positions for power system
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Table 11 Calculation results for different spanwise

configurations of power system

Liakix C, c, C, K
Case A 0.366 8 0.016 38 —0.005 6 2239
Case B 0.364 4 0.016 49 —0.0027 22.09
Case C 0.3340 0.015 49 0.0177 21.56
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L=
(c) Case C
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Fig. 14 Comparison of airfoil pressure distribution on different

spanwise configurations of power system
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Effect of powertrain arrangement on aerodynamic characteristics of
blended-wing-body aircraft

JIA Yuan, YANG Yuteng, WU Jianghao

(School of Transportation Science and Engineering, Beihang University, Beijing 100191, China)

Abstract: In order to investigate the joint influence of the fan and the core on the aerodynamic characteristics of

the cruise, this paper takes a 350-seat blended-wing-body aircraft as the object of study, using the method of first

changing the spanwise position of the core and, on this basis, later changing the chordwise and spanwise positions of

the power system. The study results show that: Under cruise conditions, the core position has little influence on the

pressure distribution on the fairing surface and the aerodynamic characteristics of the aircraft; under cruise conditions,

the lift-to-drag ratio can reach 22.39 when the power system swept back angle is —12° and the chord position is 0.8;

under the condition that the power system area and flow rate remain unchanged, reducing its spread width will lead to

a reduction in lift, drag, lift-to-drag ratio and an increase in the lifting moment. The aircraft reaches a maximum lift-to-

drag ratio of 22.39 at a cruise angle of attack of 3.2° and a lift coefficient of 1.054 1 at a take-off angle of attack of

10°, which meets the take-off lift coefficient requirement.

Keywords: blended-wing-body; power system; core; aerodynamic performance; chordwise and spanwise

distribution
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IR 3 #L (SSA-ELM ) # [ 4 B 77 % . & A R 0 # #F Maxwell 5 Simplorer ¥ 3% 2 = % &, ® HlL4E
A, X&m#wiife S, fIA CEEMD ¥ pi# e i 52 MAa — RSP E, WEKERES
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WAL 5 R A 23 BT, LASE 1~58 7 2 R it REUE
SRR o 32V TR AR A B U R MRS, H
B /N AL A AT A AE /N U pR IO B 3 vy P Y [)
A, SCHR [10] 38 43 28 35 185 385 43 ff (empirical mode
decomposition, EMD) X Jilh # H8 3 {5 55 128 47 0 5
AEBRIR, v Al T 55 R ARCTC A A N7 M Y R] T, {5 EMD
Y o3 i 7 Bl s R R IR S IR .

3) FETHRER L RS Y B e
SR Y B K g, B BTz B B L 2
DTS4 o SCHR (117 ) R T K €8 OQ B BE 43 BT 1) HE
¥ H 3 % 15 2% (stack autoencoder, SAE) J7 4 X} il %
LIS 5 SC BRI B AR AIE [ B R P 43 28 2 ) o 4 B
HYREAE SE LB R i2 W . SCRR [12] £ i 5 T IR
15 P 4% (depth belief network, DBN) 1) i & 437 11 $12 Bt
T, IFRIH BP 2 48 SRR 2025 . SR [13]
4 ¥ & 2% 2] (broad learning system, BLS) 5| Afii %5 &
FL AL E % PR T 2 1 S B R AR AR B L (R R B
B RERGMRAR, B RBLZWHELT, M4
AT FNYI R EEAE DR A B ]

SRy fifke B3R 3 S RS Wy i Y ), AR SO
SETE A R JT A4 Maxwell 5 Simplorer #5 # — 4 5
[] 20 L HLAR ZR PR ARY, TSR B2 ol s . A5 5 3 AT A
B, $2 1 5T CEEMD 5 Bt f % BR 2% 2 Bl (extreme
learning machine, ELM) JC il [/ 26 & FEL BT % 5 i 2%
W2 WY 9% . CEEMD BEXT il v i 5 5 A i
VA o S 1 o G i I T 2 N =l T 1
ELM # b F 1% 8t 43 25 %8 BP. 37 5 1n] &2 AL (support
vector machine, SVM) %5 H A5 43 e L 32 fLBE )
SRR A, TE TR BRI W R s K,
ELM {9 i g J2& HAE RE U TN S wFilb, 1635
FERET ST H A G B A R i A, P, AR SCH
T L T A B 9 (salps algorithm, SSA) AL Y
ELM (B2 Wi AL, JF 7 AH R A A R R B T, 58t
AT R REUL AL IE AT 0T L 4 #T o

1 ETF Maxwell 5 Simplorer [F £ %
BHLIFZ& M ER

H BT 23 & f LR 4y = G Te il A 25 &
HLAL, 2 BEALFE Rl REHL GRBEDL) « 2 REBL . T
PR AN . B LWL, VRS S Ay ARSI
115 V/400 Hz =X R0 & AL A BFE R 42

£ Maxwell 43 5 45 @ &I i #G L . B REAIL |
TR, L3 K AL ], AR EEA S5
Wk 1 FR, & 5% A R DW465_50, £k
HLHLA FR T 2D B AN A 1 fT s .

WAL . FhREbL . B & H LR R 5y 1)
AFH BRIT A4 Simplorer H', Hf-7£ Simplorer H1 5 4
I 2 T U A e 5 O P AR e, 5 SR i 2 ) BB
KK 100 ps, 5 ELAFE] A 45 ms, =2 A B LR {4
B 55 R R AR 43 Sl an &) 2 FEl 3 ir7R, D1~D10
BIoh A, 1L S R AR S T, w() b AL

®1 ERBHERSY

Table 1 Basic parameters of main generator

HRE I HIKVA BT RV BT AR Hz x5
40 115 400 2

1 ERHEHUERIT 2D BiRY

Fig. 1 2D finite element model of main generator
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Fig. 2 Integral model of three stage synchronous motor
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Fig.3 Voltage regulator model
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Fig. 4 Three phase output voltage waveform of main generator
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Fig. 5 Signal decomposition flow chart of CEEMD
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Fig. 6 Flow chart of SSA-ELM algorithm
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Table 2 Five kinds of fault states under diode open circuit fault
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Fig. 7 Excitation current signals under five fault states
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Table 3 Simulation result of performance comparison of different classification methods under different load conditions

VIEREETA P /s
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Fig. 12 Three stage synchronous generator experiment bed
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Table 4 Experimental results of performance comparison of different classification methods under different load conditions
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LSkWH#E 103564  0.0135 100 0 0.0145 0.0136 86.00 10.258 7 14.786 9 0.0145
3 kW 103256  0.0139 100 0 0.0142 0.0137 87.60 10.859 6 14.659 8 0.014 4
RA T 29.8579  0.0405 100 0 0.043 5 0.0412 81.20 302156 442698 0.0412
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k=% 3t
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1.5 kW1H#, 96.40 2.9586 83.2365 0.0210 94.00 0.269 8 20.256 2 0.0359 100 0
3KWHE 95.60 24788 82.4562 0.023 4 93.20 0.256 8 20.256 4 0.0362 100 0
RA T 95.60 7.8964  247.6020  0.0694 89.6 0.7549 60.652 6 0.108 9 100 0
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Fault diagnosis of synchronous generator rotating rectifier based on
CEEMD and improved ELM

ZHU Peirong', LIU Yongzhi® ", LIU Zongcheng’, CHEN Junbai', NIE Kai'

(1. School of Graduate, Air Force Engineering University, Xi’an 710038, China;
2. School of Aviation Engineering, Air Force Engineering University, Xi’an 710038, China)

Abstract: Aiming at the problems of slow diagnostic speed and difficulty in pardmeter selection in artifical

intelligence algorithms currently used in fault diagnosis of aviation generator rotating rectifiers, an extreme learning

machine (SSA-ELM) and complementary ensemble empirical mode decomposition (CEEMD) based fault diagnosis

approach is investigated. In the finite element software Maxwell and Simplorer, the three-stage motor model is built,

the excitation current signal is collected, the excitation current signal is decomposed into a series of modal

components by CEEMD, and the fault characteristic parameters are constructed. Then the training parameters and

parameters of the extreme learning machine are optimized by the SSA algorithm, and the fault is diagnosed. Finally, it

is verified by the experimental platform. The results show the effectiveness of the three-stage synchronous motor

finite element model.Compared with the existing methods, the rotating rectifier diode fault diagnosis method based on

CEEMD and SSA-ELM has higher fault diagnosis accuracy and classification speed.

Keywords: complementary ensemble empirical mode decomposition; extreme learning machine; rotating

rectifier; fault diagnosis; finite element method; salps group algorithm
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T —Fh 3 TR B AL (particle swarm optimization,
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Mo Z A 22 U5 Rl 5 o

1 EF Wi-Fi AR ER 57X

8 FH R A R 4 O AUk 3 Wi-Fi 5 MR $5 807 -
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W58 1 57 5 R0 3 Ry s 1 A, TR 45 A T
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o A TR P A A 2H G, A JORT 0 A5 B W-Fi 48 80)F
G o Hi B KR 08 SR B R FH 0L DY ) A R AR 5
B, T x, y, z SRR 03758 B 25 R FHL A %
Ak, B =5l 5 1G5 BN 2 Bl 2 B, R,
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o B VC T 5 6 v, A 1R . B RO ZY BRI
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nearest neighbor, k-NN) 575 8 (7 (19 7 k15 . A2
IR DX P AT b DT TE, A A8 R A T LR S Ao 1 1
CHCHER

SEVEIX e

B 1 BT Wi-Fi 2950 HE e 0 2%

Fig. 1 Wi-Fi constraint-based geomagetic positioning method

2 ETF PSO fi{LHI BP-AdaBoost E%

J5 4% % (back propagation, BP) il 4 I’ 4% J& T
W A ) Bk . AT REASUIN RIS, Sa 2 S 1) A5 4K
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Fig.2 Topological structure of BP neural network
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£E il 2% > 40 B i Boosting 4. 5 #E 47 ol 0E, $RH
AdaBoost Bk o IZE R AZ O BAUR, fEE R A
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5 BP #1 22 W 2541 7 AdaBoost F Y 55 5 2 2%,
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S MG e AL A, LRI .
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i=1,2,---,s (1)

Kb m R 555 aR e

BP-AdaBoost 1% A 5 i tH 53 51 b
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output = [X.,Y.]" (3)
A X, MY,k Wi-Fi 2 67 4558 X MY, o 203 5 i
T R (S 45 5 s X RY R Rl 2 v 45

R 4% BP-AdaBoost 145 A fir i 4E 5000 XE 55+ >
a2, I R AL B 7 N0 R Ak 55 5 2T AR
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B2 RS EI RN EMIRER SR
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e XA Y5 900 8 5 7 A5 B B S A A R

E, Rz IRl kAR i fe RKOE iR 22, HiFRkik

HH
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NEE m 5552 ) 2R AU B LR 22 R h
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i=1

AR5 m RS T AR A
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(R7RE AT Il

LB SHwinik
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dim = dinputdhidden (11)

P digpue Fdhiaaen 7T B ARAZ H R EJE R ZTT 4L
B2 R S
XPRE - 0 2 BE v, 5 7 B p AT HERT, HR GRS
Gl
Py = fv, +c ri(pbest, — p) + cory(gbest — py) (12)

DPn=prtvi (13)
A h=1,2,--,0, O WAL F EE fABEAE;
erflle, g 5 21 A5 rfln ol (0,1) 22 [8] 1Y il BIL 28
pbest, A 2 b 4K F SRR AE ; gbest A T A LT
) 42 R R AEL

FB3I THMES 2R E

S S VI R it
100

Eqm
P B AN TR SR E 2R 28 Z H

8 45 19 205 07 R X A A 4 SRy W A R A T

AR . 4 2 PSO 21k Z B, e e AR
AU R {E K 45 BP-AdaBoost.

3 KNFIEERE

1B BPIRZ R F1) ] BP-AdaBoost-PSO #E47 4 45 &
DB, 5] EAFAE Fi Wi-Fi 15 5 AU S 8000 52 7 142
25 o BEXF X — (A, R AR )2 Rl R A 7 vk, R
PF #§ PDR & v 4% J 5 BP-AdaBoost-PSO 5. 1k 4%
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PDR i if 2 fE A #5 15 & v i 15 PR A A5 R
S AT N BRI L K S R Y, AR YR AT
NI S VA= 3= M s UK A K =05 W S SER VA B L
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VA
L/Y
L/
A/\Hk
L, T
- (x5, 1)
L, (X1 01)

=Y

(0, o)

3 PDR E{ 5
Fig. 3 Positioning principle of PDR
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fife S 20 DK S AE S, S HES AT 14 PDR
ENEER
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¥ BP-AdaBoost-PSO & 13 45 5 A b WLl £, X

l‘k_]<l<t1(,l<k<7’l (16)

KL R JEAT BE
o1 Ll
qk - We r ( 19)

A gf WA o BT kAN A DY o
KL 5 ke A0 I UL B R R R 5 oA WL I
PRV k22 IR G E A5 R

Q
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4 MEERS5H

T 0 Z b iy 2 Rk A 2 07 7 2 1Y B AR HE
i 4 Fros . 12 Wi-Fi 293 Hfg It
Jic 35 Bl 55 2 J2 A6 F FH PSO F&{% BP-AdaBoost 5
AR, 55 3 E 4RI PR ELA 8> Wi-Fi {554k
Rk — 25 ) B S 5 A 37 s v ) S 0 508 %o T
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Fig. 4 Framework of fusion positioning algorithm
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100 & .
4.1 HEEEN AR TR

bR 7 A 7 1% ) R v iR 22 R R0 PR S (cum-
ulative distribution function, CDF) il €& a1 &l 7 T 7 o
X4 CDF 2y 0.7 B, AR 3CHY 20 B J7 15 A1 k-NN B35 1)
FENIRZELES S 14510 2.06 m Fl 7.11 m, £
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Wi-Fi 24 1) iR 78 67 77 V5 e 8 A B AR AT Nz 3l
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Fig. 7 CDF curves of position errors with different geomagnetic

positioning algorithm
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Table 1 Average position errors of different

geomagnetic positioning algorithms m
» A (iR
SN
FENG5 ] SE g2
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Wy o 125, 1,18, 1.17 m, 7E 3 5 2 v 4 Bl o
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Fig. 8 CDF curves of position errors of neural network

fusion algorithms
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Table 2 Average position errors of neural

network fusion algorithms m
) FHEALRZE
ENLE - -
FENL R DR V)
BP 1.85 1.83
BP-AdaBoost 1.73 1.68
BP-AdaBoost-PSO 1.71 1.66
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Fig. 9 Diagram of execution time
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Fig. 10 Comparison of positioning trajectories
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Multi-source fusion positioning method based on hierarchical optimization
LIU Ao, XIU Chundi’

(School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

Abstract: To achieve accurate and continuous pedestrian positioning in complex indoor environments, we
propose a multi-source fusion positioning algorithm based on hierarchical optimization is proposed. First, the
geomagnetic matching range is constrained with the Wi-Fi positioning result. Afterwards, particle swarm optimization
(PSO) is adopted to optimize the BP-AdaBoost ensemble learning algorithm. The optimized BP-AdaBoost-PSO is
employed to fuse the Wi-Fi and the constrained geomagnetic positioning results. Particle filter (PF) is then applied to
fuse the above fusion result and the pedestrian dead reckoning (PDR) result. Simulation results indicate that the
proposed algorithm has sufficient robustness and can effectively improve the continuous positioning accuracy in a
pedestrian motion state.

Keywords: indoor positioning; multi-source fusion; neural network; ensemble learning; particle filter; particle

swarm optimization

Received: 2021-07-09; Accepted: 2021-10-29; Published Online: 2021-11-11 16:57
URL: kns.cnki.net/kcms/detail/11.2625.V.20211110.1643.003.html
Foundation item: Elastic Architecture Design and Key Technology Verification of National PNT System (2020YFB0505800)

* Corresponding author. E-mail: xcd@buaa.edu.cn


kns.cnki.net/kcms/detail/11.2625.V.20211110.1643.003.html
mailto:xcd@buaa.edu.cn

20234 5 A EtEZMEMRXRKXEZER May 2023
o498 5 51 Journal of Beijing University of Aeronautics and Astronautics Vol. 49 No.5
http://bhxb.buaa.edu.cn jbuaa@buaa.edu.cn

DOI: 10.13700/j.bh.1001-5965.2021.0407

N KESFRIFR D TE LI EEE
Bhe', EXWY, BEOE, KAk ERE, I
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FEFRMK 77 G far B A Y . Heiligers 25" ¥ AT 55
>R A7 faf (task demand load , TDL)AE K47 6 i /7 11
ff B — BB Ay AT IR Y o A X RAT AR AR A Y
ST, 4R TRAT B TDL IR ZR, FF T i X 5
SR FE v /AT B AT RERY TDL.

BRI, o4 1 3PAR TRAT B AR B KAT 55 T A ik ) B
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capacity, SWC) &, &5z 1 i J1 B A £ AL PE A
B, B A 23 7 17147 ( surplus mental workload,
SMWL) Ffigi #1 7 ff 5 FH 2 (occupancy rate of MWL,
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Fig.1 MWL in relation to TDL and SWC
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Fig. 2 User interface of MATB task
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Table 1 Details of MATB subtasks
L5 2k X L5 Mm%
ARG | SRR W FEF 1~ FAZI R (RS, B8 6 FE R RE 1 L F SRR, FH BB A i IV 2
g 2 EERUGRTE TR T R R R ot 75 F BB T R S 2 e
- SR 135280 R PO A3 56, M AL 15 45, B/ E) (5 €6) J7 T B SR 7 I (2T ) s, g
: S AR R
YRR 4 TERUGRWRIR N ~ SO, TR U B I I, PR BB B e e TR A R
T R e
| MATB/E 5 i :E%ﬁﬁWMWHT—ﬁG) ;
] ]
| = 2 (7) ot DTDL |
L e 3| [ — L
| "‘ | = et |
! SWC !
i L [ AskRR | |
| | |
e SR I SW> i
| 1 [ |
| : : — !
| MWL i i £ @3) !
| al0) e |
ORMWL C (4
i <—— r—i SMWL X @) E(_
1 I 1
! SMWL,... ||! i SWC !
| | | |
! LR 4 | | L3 i

K3 5T MATB £ 55 B ) 7 g s AL PPAG i
Fig. 3 Flow chart of MWL quantitative evaluation based on MATB task

K # B1E NASA-TLX & %™, NASA-TLX &# £ M
6 I~ Z AL MATB 4% 45 19 3 UK g fqer, BCo B
ok BARTER . B EFROR B RE . A B R
FIPENCFEBE . NASA-TLX f& i 2 #4341, —3
Gy XA R BEATPEAY, 5 — 043 38 i poxt ke
BeNHEREEMRME AN HEMAE. B
i 3 6 e (R 6 A R B I B . SE 50 R
e 2 FiR

®2 TWRIER

Table 2 Experimental process

HIRIT SIS it ] /min
1 SRR s 60
2 RS 5
3 IERSEE 12
4 i ES
5 RE
6 EREEE2 12
7 %

8 HE

9 IESE3 12
10 % 2
11 W e Y AN 1

2.5 SLWMEEFR

M MATB 2 FF e 15 Z gk E% . . &
faf A 55 7K S 10 4T 55 fh & B N 5% i o %) s i 5 4
R4 MATB-IT #9 R [FAT 55 K AR, AR I 4R 21 4
AP E AR AT 55 7K 8 AN, v A7 far 41 55 K

64 N EHE, BRSSO 144 D EHE . R T
PRAEEAE 53 #1008 0P, HEBR T 3 s ARl A 5
BRERE B . 193] T 8 7 45 AT 55 K
T Fii g 67 Ay B R AR AR AR A B s . R
FEAN AT 55 7K 58 BSE 56 )5 #E4T NASA-TLX
RTG53 58 R FT 55 K F N NASA-TLX # 3%
o6 DV GE B P A, [RIEE A T AR IR S 56 45
1 — 2k, X5 15 2 80 1Y NASA-TLX & iy
BAEIEAT T 08T, H ARG R 5K, B, & s
1255 K — B e Bebrife, Hop, o 3 # il
B = L 0] 5 5 SR ANAE B bR, BT LA XAt AT A8 %k
P FEAT 507
2.6 SKIGBIEALIE

K JHI SPSS Statistics22.0 X 3 FiAT: 55 7K - #5784
W68 25 R AEAT G it 50 B, B g itk 5 34 4d
0.05 M B A5 BE . A 1 8 il 7 B Ao 2t Ak D1 Ak A5 AR
DO S s Y oY G VAN I I =L =y = o T
% F Mauchly {32 #6; 56 B 54 {1 15 , 24 B H AR 15 AS 3k
SRR, i | Greenhouse-Geisser £% 1E . 2 &5 16 56 J& 18
i B/ i P 2 5 (least signific-ant difference, LSD)
AT

3 4 R

EERERE

MATB 1 & £ 111 55 f4 d5 1 o i 1 ], LA B

3.1



1188 [ T |/ A N = = o

2023 4F

G CE | NE- SR ER o TR EPSW =
B

HIZE 3 AT, R AR5 B2 RN
2.302 6, i6 R A 7 B R AR 1.748 1, 8 R AT
55 S 2 BE Sy 0.885 6, B R4S HIL I IfT 9 52 % BE
90.983 1. LA i 4 Bl MATB 1T 55 H R 48 i 4%
A 55 ST B9 05 B2 AR BE AR RO, I, s B4R
BB, N FI R AE, 2 TDL 80k . JBERE
55 B2, E £ S R R B R R R, AR
¥ B B

R3 MATB FESHAMEAERIESERE

Table3 MATB subtask maximum response time and

information complexity

155 44 ik KR ) /s fEEE IR

Ryt 6 23026
B 8 1.748 1
HfE 10 0.8856

PR P 8 0.983 1

32 ESHFEIEN

NASA-TLX &R EIE /BT R T

1) i far 1T 45 K- T NASA-TLX & R 15511
SEIE N 25.04, FRpifE2E N 16.44 . FRAAGT S5 K4S
GrBEBIE N 36.34, FRifE 2o 13.40, & A A 4T 5%
IK A3 B R 50.79, FRifE2E N 17.53, %%
W B S 50 AT 55 7KSF- B 35, NASA-TLX 15431
TEA B K .

2) X NASA-TLX f & &2 I & Jy 22 50 Bk W1,
1145 7K -3 NASA-TLX 1543 # F2 85 00 EL A S 2%
B Y (R E K F=30277, 22 517K F P<0.05) .
F )5 4 LSD J5 i 43t 3R W, A 67 faf 4T 55 7K °F- 79
NASA-TLX 15343 i A% T 7 faf 41 55 7K F (p<0.05)
s 47 far AT 45 7K SF (p<0.05) 5 Hh B 45 4T 55 7K - 19
NASA-TLX 1340 B Z 8T & T 45 7K F (p<0.05) .
SE R R WL LU0 I s & T A TR AY AR 1 67 A K
e, R e e O 0 A BT B T
33 FERAO R EWIERNIIE

Sy 56 Uk = (1) By I8 P, A8 SCLL 3.2 15 NASA-
TLX R 1 18] 45 25 FAE M N 3 fiki g £ faf (AL, [R) e
T ZAT 55 51 9 SWC Fil TDL. 28 56 B NASA-
TLX & & 1Y fixi /1 7 fif {5 SWC #l TDL Y 22 {8 5%
ZWE 4 iR

w4 T

1) Bfi# SWC 5 TDL 22 {H A 34 /i, NASA-TLX
A I A 7 A (A A, BR L E,
A5 30 1 3 0 s 7 1747 {6 5 SWC I TDL 19 22 {8 1
RIIKFR,

2) XS FEA TG, AT LA H il e LR
90.319 8, I H %L C BB 0.319 8, 75 BERY
212 A A PR T 0 S 36 B0, ok HABATE: 55, H 8K
C M HUH 2R

3) AT A B el LUIE ] =X (D) i A 200, M
Ji SN 7 A 1 AP A PR R

0.8
0.7
0.6
0.5
041
031
02}
0.1r

MWL

0 I I I I
0.3 0.5 0.7 0.9 1.1
SWC-TDL

4 NASA-TLX %A MWL 5 SWC il TDL 2:{HAI5% 5K
Fig. 4 Relationship between NASA scale score and
(SWC-TDL)

34 FEMAGATEIRBEITWRER M
3.4.1 A G 2 AAA
L5 ki i g G A B AR PP AR 25 L, 6l 6 Ry
i 3 B s S AF 45 AKF R R . i IEL S FTEL 6 al A
1) AR AT AT 55 7K F T AR08 i g 47 far 7K P A
0.502 8~ 1.438 5 Z [al, “F-¥J{H Ny 0.89, #5 #fE 25 Ny
0.25, "B far A 55 K, AN il g B faf KO 7
0.452 9~ 1.041 1 Z [a], ‘F 318 K 0.73, brifE 22 N
0.18. 1t faf AT 55 K P&, A4 Wil Iy 171 fif K 7
0.551 1~2.015 7 Z [al, “F-¥{A Jy 1.37, brifE 25 N
041, SVASKE, i )y A i Ak PP Ak 5E 0 25 SR 3R 1]
T MATB 1F: 55 5 i 3 f fer (9 U AL ¢ &%, B
AT 55 KN (M g £ far 7K S e AR, MATB 1155
SRR, PO E 5 MR HE 7 B B ALY
Ak
2) X S8 L AT A R T 2 BT R
2.5

6
=i

i 1 61 i (.

5 Wl I U AT AR 5 R
Fig. 5 Results of MWL quantification evaluation of subjects



Wi, 45 - FHCRAE 55 H TR A% il 73 S i AL A S 2 1189

1.4

PN 35 22 5 H.P<0.01

12¢

0.8 -

06 L L L
{(i87¥) i fig 155 B

e Myt S5 KFLR
Fig. 6 Relationship between MWL and task load level

MATB 1 55 1 faf 7K F- % 15 oy 171 g 452 80 300 45 1) 3=
WO BAT Gi %75 X (F=19.904, P<0.05) . &7 LSD
B A B BA, o AURTAT 55 K T AR R P (i 2 IR
FAE 55 a7 4E 55 7K F (P<0.05) il i85 4 4F 55 7K
(P<0.05) ; % G0 fif AT: 55 7K F- 485 U DFA {1 2K T
1 B AT 45 7K SF- (P<0.05) o
342 HA&mEH G ERAE

PR F AR AT 55 8T 1 R Ay i g B e A
SMWL K HAPHE, i 7 FE 8 ik .

i 7 FE 8 R

1) AR 57 a7 AT 55 7K ~F- B i & (19 SMWL 7K ~F- 7E
0.381 9~1.123 6 Z 1], *F-24{H Jy 0.704 0, bRt 2
0.21, v faf 4% 55 K F 43K 3 19 SMWL 7K F- 7E

0.548 7~0.954 2 Z [a], V-3 K 0.753 6, brifi 2= N
1.2

I Ffaf
B e
/Rt

i
= 08
&
R 06 R
= N N7
& 04 \ \
(=2 \ \
0.2 \ \
O 0 @ b cb . o 9D <
NMUN SN\ SN SN SN\ SN NN LA S IUA NN
VWP PV P 0 0 0 0 VNP0
FFFFFIFIF FTLFS
Wik

P 7 BT A ) e
Fig. 7 SMWL of subject

0.8

*xon 3255 H.P<0.01

0.7 sk

0.6 -

Tl i )3 4 {E

0.5

Gty i fig 5 BAAT

B8 A i ff SR RUE S5 K &R
Fig. 8 Relationship between SMWL and different task load level

0.12. 5 B faf 4% 55 7K F 8% 38 % 19 SMWL 7K F 7
0.400 7~0.911 9 Z [0, *F- 3415 Ky 0.623 7, brifE 2= H
0.14,

2) EE W T2 R, A% P
3 FME S5 KOF T8 E 1 SMWL B AT i k22
H SMWL 54E55 K FRy3g s U RISER .

3) MAKRFE, X T MATB filt & (4T 55 K F, B
T T LU I8 58 WU 55 76 P SR AT 55 K7, LA 8
L SMWL, Z G52 A PE i sy o i 76 IR 25
MiAE 55 KR, SMWL AHX 45 /0N, BV 2R 45 1 22 4 vk
A%, X5 de Waard™ 4 H 18] U AU ) 45
— 2, IVEAR AR 5 K, e A5 )
5 R BR G WR AERAR, T U AT 55, T
WAEME, W5 FHUR R L 2.
343 W fiAr & AR ZAE

&9 SRyt i gt e o R, 1610 S ik g £
fif o R SR AAE 55 KPR . HEL 9 FIIE 10
AL

1) & S A 55 i F T 4882 1 il g 6 et , T eh 67
ap AT 55 o7 FH 1 i 7 60 Ao e /b o

2) EAE M RN, K. b
3 BT 45 KT T a3 1 s By TR LA
PE2E 5, H ) S o5 R 5 A 55 KT 1 58 n &

100

80 ,

60 -

40}

i A1 B o8 %1%

20

B9 Bk s S AR
Fig. 9 ORMWL of subject

100

** RN B 22 5 H P<0.01
80+t

60 -
40: >\/

20+

i 1 o 1%

R Hh i fig )

Bl 10 kg b IR S AR S R
Fig. 10 Relationship between ORMWL and
different task load level



1190 [ T |/ A N = = o

2023 4F

URIZAR,

3) MRKE, X T MATB filt & BIAT55 7K, $x
H AT ARSI SE AT 55, ELING 7 5467 o 2R IK 301,
RN B3 38 A — e P TR 4% i 3 574 R o7 X BT AT 55 o
4 ¥ %

ARSCHIESE T AR B2 5 AN AHLFE I 58 B A figi
Fufar AR PR B0 o B2 0 T 3 1 I s B T A A 4y Bk
Sy AR i 5 15 RS TR MATB {155 filh &
WO, W T 3 AME S5 7K, R B I T d AR R (Y A
B

SEI ) MATB A 45 7K 7 55 450 0 45t 45 S 1) i
R, S50 FH A 48 bR X SMWL 994
B — @ UM, SC50 R, BiE MATB 1145 /K
RGN, BRI B S5 RAT A8 U BT RRAE . %
AU A Ry ARATE 55 75 oK, 3 BT 55 e B 59, DTG
P TR 3 S e, Bl AT 45 e AR I g B A AR
a3 A e AR BRI N, B U Uik, AT 55 5t
R BUE U B2 BT S SvRoeE e BT El— A
BEFR N e LR SRR K S 1) 5, SR T B ki g 7 A ) 38
I, AR 55 S FR R B . Zhang 25 FERIF 54 45 7K
- 55 G50 Y O ZR A, AR LR 0 A v A M FT B fr s
71 faf X MATB AT 45 3¢ BLAT 78 18 35 19 81 U AU 8%
7, BT 45 G faf A 2 B ARG, 3 5 0 g 6 4o
MATB 1F 45 ¢ BL A9 5% M — B T Kim 282 58 i 52
B A5 Y, I 7 S0 54T 45 K B I Y — Eobk,
AT A T 10 3 5 Aof 52 AT 45 K- S K, 24T 55
ISR, Fili 3 G A AR, AT 55 7K SF- st fisi 77 £
af g o S PP A Bl BT R B e AT S5 K
ST 149 i 3 B e A8 A B Aar 4T 55 AKOF 9 B 0 £ e 1
B, AT LAUSRRE A SWC 32 AR AR K, 24 H fiX f 22
WZSFERE B G SR, B TDL &5, SWC 178K 45
150t BT AT 55 S 56 v 3 3 AR e AR R AT AR 1
TDL, ffi 3 A\ 5 7= A [ 38 NP 30 3 1T A A 2 2%
A5, X b 3E 3 I AT SWC M T AR A B ki
Jififa

i 3 43 AT MATB AT 45 % A B2 M 1 474 199 5
0L, AT LA RS AT 45 A0 R R B84 T, (H A B3 Y
ORMWL Jf A 1 5 o 3X AJ BB 5 A SCT iiF 5% 1)t 3k
T T 4 Mg 7 S A AR PR A SR, IR
At PR 2 5% i 3 47 A (1) 5% 0

NASA-TLX FUIEA 25 2R BoR, B & 1E 55 K
0 2 8, i g B ey 2 A A R B XA A S BRI o
PR A 32 0LV Af 35 2 — R e XoF B g 0 4 DE A 1
AYAT T, A5 AR N B TR AT 55 (14 i A3 Ay
JEBE, I A BE TR ) HH 5 — i 200 i g 97 e 60 AR AR
Blo PR, 6 s 54T 5K ROZAT A U B

LRI R AL, BI AR AT 55 KPR, A BT DL B 5 4
18 T A SO R AR R i 7 By o X AR SO 9 i
A5 AT 55 B R RO B AR L R T
55K, B, NG FE LA AR i ) B e S A
G5 K BARSCNE o (AR SCRIT A, e 13N B
FE A5 T AT 55 K T 58 BAE A FAT 55 19 Ml 7 97
{EL, Ff38 2 70 A e B AT S i 1 Ml g 67 54 55 0K
i U B2, sER T PPN R B S R
PESEJRIBR .

5 &£ ip

1) 4 55 UEAR AU A AT R0, BT MATB {1 45 A
T X 15 24 838 o T & TR wp L & faf 4T 55 K
ST B9 i B ey S0 B, NASA-TLX B 26 4 3= Wi
Fi it g5 R R, % B MATB T 55 Wi B4 v
A% R AN TR) A8 06 3 671 faf 7K SF- o

2) F 4 1 3 A5 e e AL PPA AR A 285 S i UR, A S
BRI RE R b X 43 T AR P R ST AT 55K, B
25 AT 5180 U AL il 2R B4R AE

£ Z Xk ( References )

[1] SHERIDAN T B. Mental workload in decision and control[C]//
1979 18th IEEE Conference on Decision and Control including the
Symposium on Adaptive Processes. Piscataway: IEEE Press, 2007:
977-982.

(2] M, =T, X%, 45, fHUas T80 iy 5 fa il 5 B AR ).
NFETARLEE, 2003, 9(2): 19-22.

LIU Z Q, YUAN X G, LIU T, et al. Measurement technology of
mental workload in aviation ergonomics[J]. Chinese Ergonomics,
2003, 9(2): 19-22(in Chinese).

(3] BETLH, =ET, Mgk, 55, CHURARRLSE 7 F i o g 6 fir &5
B ITIEI]. MR EE S 5 2E TR, 2008, 21(2): 103-107.
KANG W Y, YUAN X G, LIU Z Q, et al. Synthetic evaluation
method of mental workload on visual display interface in airplane
cockpit[J]. Space Medicine & Medical Engineering, 2008, 21(2):
103-107(in Chinese).

[4] QUHQ,SHANY P, LIU Y Z, et al. Mental workload classifica-
tion method based on EEG independent component features[J]. Ap-
plied Sciences, 2020, 10(9): 3036.

(5] ki, PEmie, SeBoein, A5, 2Tk D) 330 2 B A /Al A B30
TP T A D). ALZS 2441, 2020, 41(10): 123618
ZHANG J, PANG L P, WANYAN X R, et al. Method for operator
mental workload assessment based on power spectral density of
EEGIJ]. Acta Aeronautica et Astronautica Sinica, 2020, 41(10):
123618(in Chinese).

[6] SIEGEL A I, WOLF J J. Man-machine simulation models[M].
Hoboken: Wiley-Inter-Science, 1969.

[7] WICKENS C D. Mental Workload: Assessment, prediction and
consequences[C]/LONGO L, LEVA M. International Symposium
on Human Mental Workload: Models and Applications. Berlin:
Springer, 2017: 18-29.


https://doi.org/10.3969/j.issn.1006-8309.2003.02.006
https://doi.org/10.3969/j.issn.1006-8309.2003.02.006
https://doi.org/10.3969/j.issn.1002-0837.2008.02.006
https://doi.org/10.3969/j.issn.1002-0837.2008.02.006
https://doi.org/10.3390/app10093036
https://doi.org/10.3390/app10093036
https://doi.org/10.3969/j.issn.1006-8309.2003.02.006
https://doi.org/10.3969/j.issn.1006-8309.2003.02.006
https://doi.org/10.3969/j.issn.1002-0837.2008.02.006
https://doi.org/10.3969/j.issn.1002-0837.2008.02.006
https://doi.org/10.3390/app10093036
https://doi.org/10.3390/app10093036

%5 5 ] R J8, 45 PHAT 55 rh R A 7 950 Ao di A PP A A 2 1191

[8] E¥h, FIT, &) M. ST Z RIS A4 I ) U 340 5 (0] [18] SHANNON C E. A mathematical theory of communication[J]. The
Jb Rt A K 2F AR, 2010, 34(6): 107-110. Bell System Technical Journal, 1948, 27(4): 623-656.

WANG J, FANG W N, LIG Y. Mental workload evaluation method [19] MOWSHOWITZ A. Entropy and the complexity of graphs: II. The
based on multi-resource theory model[J]. Journal of Beijing Jiao- information content of digraphs and infinite graphs[J]. The Bulletin
tong University, 2010, 34(6): 107-110(in Chinese). of Mathematical Biophysics, 1968, 30(2): 225-240.

[9] NEERINCX M A, KENNEDIE 8, GROOTJEN M, et al. Modeling [20] ZHANG J, PANG L P, CAO X D, et al. The effects of elevated
the cognitive task load and performance of naval operators carbon dioxide concentration and mental workload on task perform-
[C)/International Conference on Foundations of Augmented Cogni- ance in an enclosed environmental chamber([J]. Building and Envir-
tion. Berlin: Springer, 2009: 260-269. onment, 2020, 178: 106938.

[10] NEERINCX M A, VELTMAN J A. How to manage cognitive task [21] BUEHLER M G, ALLEN R A, BLAES B R, et al. National Aero-
load during supervision and damage control in an all-electric nautics and Space Administration[M]. Berlin: Springer, 2011.
ship[J]. IASME Transactions, 2012, 2(1): 253-258. [22] GUTZWILLER R S, WICKENS C D, CLEGG B A. Workload

[11] COLINTR, MIOCHT, SMETS N JJ M, et al. Estimating an oper- overload modeling[J]. Proceedings of the Human Factors and Ergo-
ator’s cognitive state in real time: A user modeling approach[C]// nomics Society Annual Meeting, 2014, 58(1): 849-853.

2012 IEEE RO-MAN: The 21st IEEE Int tional i .
0 e niernational Symposium on [23] WICKENS C D, GUTZWILLER R S, VIEANE A, et al. Time
Robot and Human Interactive Communication. Piscataway: IEEE . . .
sharing between robotics and process control: Validating a model of
Press, 2012: 627-633. . —
. o . N attention switching[J]. Human Factors, 2016, 58(2): 322-343.
[12] iK%, AL, wakay, 5. HFCTLRR T 55 Sul 2 Wit sh s
. [24] CHANDRA S, SHARMA G, SHARMA M, et al. Workload regula-
DIREMICTT L], KIS, 2018, 43(7): 151-156. i . ] )
tion by Sudarshan Kriya: An EEG and ECG perspective[J]. Brain
ZHANG A, REN W, TANG Z L, et al. Dynamic function alloca-
Informatics, 2017, 4(1): 13-25.
tion for cockpit based on CTL model and task performance[J]. Fire
o [25] FAIRCLOUGH S H, VENABLES L. Prediction of subjective
Control & Command Control, 2018, 43(7): 151-156(in Chinese).
states from psychophysiology: A multivariate approach[J]. Biolo-
[13] XIAO X, WANYAN X R, ZHUANG D M. Mental workload pre-
- . . . . gical Psychology, 2006, 71(1): 100-110.
diction based on attentional resource allocation and information pro-
26] AL, SEBARAN, KR, S, G ST R A T AR R B
cessing[J]. Bio-Medical Materials and Engineering, 2015, 26(S1): (261 ¥afecst, SERCRAN, KU, 5. S AR T LRSI PSR 5t
FHAYRZRI]. Bias 24317, 2020, 41(3): 123307.
S871.5870, PR MA]. A2 241, 2020, 41(3): 123307

[14] HEILIGERS M, VAN HOLTEN T, MULDER M. Factors that in- FENG C'Y, WANYAN X R, LIU S, etal. Influence of different at-
fluence pilot task demand load during area navigation approa- tention allocation strategies under workloads on situation aware-
ches[J]. Journal of Aircraft, 2011, 48(3): 975-994. ness[J]. Acta Aeronautica et Astronautica Sinica, 2020, 41(3):

[15] HEILIGERS M M, VAN HOLTEN T, MULDER M. Predicting pi- 123307(in Chinese).

JEETR, 4 e, ERTRE, 25 1T IR 19 97 FRAE ST
lot task demand load during final approach[J]. The International (27] JEwenm, 43, FHTHE, 55, 5T EEGH NN 19 55 R AE M5 (0],
Journal of Aviation Psychology, 2009, 19(4): 391-416. SR AR #740E, 2016, 42(7): 1406-1413.

[16] COMANS J, VAN PAASSEN M M, MULDER M. Pilot workload FAN X L,NIUH Y, ZHOU Q X, et al. Mental fatigue characterist-
monitoring and adaptive aviation automation: A solution space- ics based on EEG analysis[J]. Journal of Beijing University of
based approach[C]// Proceedings of the 28th Annual European Con- Aeronautics and Astronautics, 2016, 42(7): 1406-1413(in Chinese).
ference on Cognitive Ergonomics. New York: ACM, 2010: 245- [28] DE WAARD D, BROOKHUIS K A. The measurement of drivers’
250. mental workload[D]. Groningen: University of Groningen, 1996.

[17] DA SILVA F P. Mental workload, task demand and driving per- [29] KIMN Y, HOUSE R, YUN M H, et al. Neural correlates of work-

formance: What relation?[J]. Procedia Social & Behavioral Sci-

ences, 2014, 162: 310-319.

load transition in multitasking: An ACT-R model of hysteresis ef-

fect[J]. Frontiers in Human Neuroscience, 2019, 12: 535.


https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.2514/1.C031188
https://doi.org/10.1080/10508410902983987
https://doi.org/10.1080/10508410902983987
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
https://doi.org/10.1007/BF02476692
https://doi.org/10.1007/BF02476692
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/0018720815622761
https://doi.org/10.1007/s40708-016-0055-1
https://doi.org/10.1007/s40708-016-0055-1
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.3389/fnhum.2018.00535
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.2514/1.C031188
https://doi.org/10.1080/10508410902983987
https://doi.org/10.1080/10508410902983987
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
https://doi.org/10.1007/BF02476692
https://doi.org/10.1007/BF02476692
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/0018720815622761
https://doi.org/10.1007/s40708-016-0055-1
https://doi.org/10.1007/s40708-016-0055-1
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.3389/fnhum.2018.00535
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.2514/1.C031188
https://doi.org/10.1080/10508410902983987
https://doi.org/10.1080/10508410902983987
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1673-0291.2010.06.024
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.3969/j.issn.1002-0640.2018.07.028
https://doi.org/10.2514/1.C031188
https://doi.org/10.1080/10508410902983987
https://doi.org/10.1080/10508410902983987
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
https://doi.org/10.1007/BF02476692
https://doi.org/10.1007/BF02476692
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/0018720815622761
https://doi.org/10.1007/s40708-016-0055-1
https://doi.org/10.1007/s40708-016-0055-1
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.3389/fnhum.2018.00535
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
https://doi.org/10.1002/j.1538-7305.1948.tb00917.x
https://doi.org/10.1007/BF02476692
https://doi.org/10.1007/BF02476692
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1016/j.buildenv.2020.106938
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/1541931214581179
https://doi.org/10.1177/0018720815622761
https://doi.org/10.1007/s40708-016-0055-1
https://doi.org/10.1007/s40708-016-0055-1
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.13700/j.bh.1001-5965.2015.0428
https://doi.org/10.3389/fnhum.2018.00535

1192 b= it = it K K % % 2023 4F

Quantitative evaluation model of surplus mental workload in flight task
LU Xu', WANG Tianbo” ", PANG Liping’, ZHANG Chenglong', MAO Xiaodong®, WANG Xin’

(1. School of Safety Engineering, Shenyang Aerospace University, Shenyang 110136, China;
2. School of Economics and Management, Shenyang Aerospace University, Shenyang 110136, China;
3. School of Aeronautic Science and Engineering, Beihang University, Beijing 100191, China;
4. School of Aero-engine, Shenyang Aerospace University, Shenyang 110136, China;
5. Marine Human Factors Engineering Lab, China Institute of Marine Technology & Economy, Beijing 100081, China)

Abstract: In order to evaluate the mental workload of pilots in flight task, a quantitative evaluation model of
mental workload based on task demand load (TDL) and staff workload capacity (SWC) was established. Based on
this, the evaluation methods of surplus mental workload (SMWL) and occupancy rate of mwl (ORMWL) were
proposed. The information entropy method was used to quantify the amount of information on the information display
and control interface, based on the flight situation experiment designed by the MATB task platform, in order to verify
the validity of the model, the mental workload of 15 subjects at different task levels was evaluated. Based on the flight
situation experiment designed by the MATB task platform, the information entropy method was used to quantify the
amount of information on the information display and control interface. In order to verify the validity of the model, the
mental workload of 15 subjects at different task levels was evaluated. The results show that the SMWL value of the
SMWL model method was correlated with the NASA subjective scale value. And, the increase of task level had a
significant U-shaped impact on the mental workload of the staff. Meanwhile, the increase of task level had a
significant U-shaped impact on the mental workload of the staff. Therefore, the model established in this paper and
based on the concepts of SMWL and ORMWL can be used to conduct a real-time and quantitative evaluation of the
mental workload of pilots during flight tasks, providing a new idea for the quantification of mental workload.

Keywords: task demand load; staff workload capacity; surplus mental workload; occupancy rate of mental

workload; multi-attribute task battery
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Table 1 Algorithm parameters

B ﬁﬁ~i§§/%§f,kﬁﬁ 5 §1$.%§§§
WOA 80 110
GA 50 0.08 0.8
ABC 60 9
ERWOA 40 130 5 30
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Table 2 Experimental data of mixed polarity conversion

BATH )/

F i /10 —————————————— Ru.J/%  areal area2
Bkl k2

misex 1 8/7 0 0 0 60 60
ex1010  10/10 0.01 0.01 0 1023 1023
misex3  14/14 0.41 0.07 82.93 6028 6028
table3 14/14 2.31 0.12 94.81 5509 5509
t481 16/1 6.54 0.23 96.48 41 41
al2 16/47 20.68 0.46 97.78 358 358
ryy6 16/1 3.55 0.17 95.21 80 80
spla 16/46 95.48 1.04 98.91 34852 34852
t2 17/16 17.01 0.54 96.83 2490 2490

table5  17/15 319.47 1.17 99.63 74 504 74 504

in2 19/10 750.73  2.01 99.73 6315 6315

shift 19/16 730643 475 99.93 128 128

markl  20/31 579221 5.26 99.91 163838 163 838

4.2 RMEE)FE R E A IE

TETR B A B) A 40 1 2o AR v, VT R 23 B 24T
EEARE o BT D Y 2 A R RO B M O B B 1
(22-+-22)5 (n 31)o T HEFE A HL BEFN 4.1 795 P e By
B — 3. TR 3 RN BT A R AR 0 B [
W, Bk 4 ORI T ORGP 1) 4
2, R MITEA XA (10)—3

MF 3 A LLE ), X T L misex1. ex1010, 5%
e 3 Was 17 B IR] R AR 3 4 A TRD . X1 2 v i oAt
HLiG, B0E 3 s AT i K T Ak 4 i AT .
R BEXT F H H mark 1, % 3 IS AT R GA R T
1510241 s, M % 4 st R 2 AT 6.42 s, L
DL S s R IR R T ez 58, RBREE N
SR | Az BT S R 15



1198

Jbom i = MR

S

2

il

2,
¥

2023 4F

43 ZiH MPRM BB E R AR IEIE

1 R A i R B A ROR e A%
WOA. GA, ABC fF FLALses . dlad =0 (11) 7425y
A R T AR A 23 L

®3 RMEERE RSN EE

Table 3 Experimental data for conversion between

different polarities

BATE)/s

FEL % /0 Rewe/%  area3 aread
B3 B4
Ry = AVEorier avco — AVErrwoa x 100% (11) misex]  8/7 0 0 0 128 128
AVEOTHERiALGO
ex1010  10/10 001 001 0 810 810
K AVEorer aco N WOA | GA, ABC = MRIETE misex3  14/14 458 016 9651 12281 12281
YN TS @7@ 20 Y 5 B 19 5 HE A 10 F 111« table3  14/14 054 007 8704 3273 3273
AVEguyoy ERWOA B35 7 454 L B 132 47 20 1 481 16/1 1674 025 9851 42016 42016
BEI AR EME . R 4 haTLIE T, M L W e TOTL 030 Ak 630 6330
o - yy6 161 198 009 9545 19710 19710
T WOA. GA. ABC, EROWA [FRifE 222 0 #9141 spla. 16/46 5134 059  98.85 42177 42177
KB 84, F WOA HiIEL, ERWOA Hy-F- 24 it ifl © 1716 31376 107  99.66 50032 50032
FRATE R 3.45%, fe KPR ST AR T4 9.72%. tables  17/15 4514 075 9834 28668 28668
1 GA #HH, ERWOA B3 i BRI R 2 K 5.54%, in2 1910 6405.11 340 9995 420176 420176
B e - 1 o B T B 45 Sl 18.329%. I T ABC, shift  19/16 577448 229  99.96 524033 524033
ERWOA £ 57 14 it 5 i AL 45y 5.00%. 2 Jc 7 markl 2031 1510241 642  99.96 524512 524512
L BT AR O 14.41% .
4 EHEIWOHIE
Table 4 Experiment data of algorithm
WOA GA ABC ERWOA

© FefRfl Fefd bndizs PIME Rl i badie PIME Bl R2E ek VI RRE B2 i PIIE
max512 9/6 201 295 2046 20585 201 215 3.3 20275 201 204 0.8 20130 201 201 0  201.00

ex1010 1010 810 1011 4516 82315 810 926 2615 890.10 810 879 2416 820.15 810 810 0 810
newcond 112 48 52 130 4900 48 51 078 4830 48 52 119 4870 48 48 0 48.00
bl 12/8 23 46 504 2450 23 25 044 2310 23 27 107 2350 23 23 0 23.00
amd 1424 104 108 116 10460 104 118  3.04 10740 104 125 460 10650 104 104 0 104.00
misex3 14/14 1421 1731 8215 1493.65 1421 1832 11448 1632.00 1421 1964 143.53 1663.25 1421 1472 1112 1423.55
0 15/11 242 408 3582 25415 242 269 832 25175 242 265 7.35 25100 242 243 046 242.30
newtpla 15/5 38 40 059 3845 38 39 046 3830 38 45 150 3880 38 39 022 3805
b2 16/17 333 373 1257 34490 333 370 1125 34750 333 453 3043 36220 333 333 0 333.00
b9 16/5 105 251 3206 11630 105 161 1463 12855 105 233 2880 117.15 105 105 0 105.00
inl 1617 333 376 1454 34520 333 390 1518 359.15 333 482 4355 37165 333 333 0 333.00
pde  16/40 683 752 17.69 69610 694 757 27.02 72410 683 917 5512 71420 683 693 400 685.00
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Fig. 3 Convergence curves of newcond circuit
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Fig. 4 Convergence curves of misex3 circuit
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Fig. 5 Convergence curves of in0 circuit
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Circuit area optimization of multi-output MPRM based on ERWOA algorithm
HE Juncai"®, HE Zhenxue" > , WANG Fushun', HUO Zhisheng”*, XIAO Limin’

(1. Intelligent Agricultural Equipment Research Institute, Hebei Agricultural University, Baoding 071001, China;
2. Key Laboratory of Agricultural Big Data of Hebei Province, Hebei Agricultural University, Baoding 071001, China;
3. High Performance Computing Platform, Beihang University, Beijing 100191, China;
4. School of Software, Beihang University, Beijing 100191, China;
5. School of Computer Science and Engineering, Beihang University, Beijing 100191, China)

Abstract: Mixed polarity Reed-Muller (MPRM) circuit area optimization has become a research hotspot in the
field of integrated circuit design. It is a combinatorial optimization, aiming at finding the MPRM expression with the
least number of terms among many MPRM expressions. A explosion strategy and restart strategy based whale
optimization algorithm (ERWOA) is proposed. In addition, a multi-output MPRM circuit area optimization method is
proposed, which uses the improved whale algorithm and the improved polarity conversion algorithm to search for the
MPRM circuit with the least number of AND terms. Results on the MCNC Benchmark circuits show that the proposed
algorithm increases the conversion efficiency by 99.93% and 99.96% at most, compared with the mixed polarity and
inter-polarity conversion algorithms based on the list technology, respectively. Compared with the genetic algorithm
and the artificial bee colony algorithm, the improved whale optimization algorithm saves the circuit area up to 18.32%
with an average of 5.54%, and 14.41% with an average of 5.00%, respectively.

Keywords: combinatorial optimization; whale optimization algorithm; restart strategy; explosion mechanism;

genetic algorithm
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Bi-bandwidth extended state observer based disturbance rejection control
method and its application on UAV
XIA Licheng, WANG Shuyang, ZHANG Jing, YANG Lingyu
(School of Automation Science and Electrical Engineering, Beihang University, Beijing 100191, China)

Abstract: This paper addresses the problem of the fast time-varying mismatch disturbance and measurement
noise that inevitably exist in actual control systems, proposing a backstepping disturbance rejection control method
based on the bi-bandwidth extended state observer (BESO). The BESO adjusts the bandwidth of the observer through
a direction switching operator and a bi-bandwidth scaling factor. Therefore, it can accurately estimate the fast time-
varying disturbance while avoiding the amplification of measurement noise. Then the backstepping control is
combined with the BESO to form a step-by-step compensation control scheme, and the corresponding control law is
given through the Lyapunov approach to ensure the asymptotic stability of the system for the mismatch disturbance.
Suggestions for the parameter tuning process are given for engineering practice. In the end, the proposed approach is
applied to the height control of a quadrotor micro-UAV. The results verify its effectiveness in the mismatch
disturbance compensation and measurement noise suppression.

Keywords: bi-bandwidth extended state observer; backstepping control; mismatch disturbance; measurement

noise; fast time-varying disturbance
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Table 2 Parameter of co-simulation system

TR I FE RN 67 43 ST g kg 30
BRI R B B/(N-(m's ) ) 400
TR LIS ZEMIFA A/m? 904.78x10
WA A G A Y, /m? 398.1x1077
SRR L B, /MPa 700x10°
ik 2 4%/ (L« (min - MPa)™!) 1x107"
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Table 3 Performance index of each controller under condition 1
e M. u o
PID 0.008 399 0.000 190 5 0.005 632
ARC 0.001 334 6.89x10° 0.000 319
BP-FTARC 0.000 562 3 2.835x10°° 0.000 336
RBF-FTARC 0.000 409 3 2.625x10° 0.000 176
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Fig. 13 Tracking error of each controller under pipeline blockage condition
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Table 4 Performance index of each controller under condition 2
s M. u T
PID 0.013 62 5.979x107° 0.008 244
ARC 0.017 63 3.603x10°° 0.002 419
BP-FTARC 0.004 623 2.364x10°° 0.001 556
RBF-FTARC 0.001 997 2.187x10° 0.001 126
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Table 5 Performance index of each controller under condition 3
il 4% M, u -
PID 0.034 58 0.000 493 5 0.01048
ARC 0.037 86 -3.829x10°° 0.003 736
BP-FTARC 0.006 982 -1.75x10° 0.002 349
RBF-FTARC 0.003 972 9.379x1077 0.000 638 2
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Table 6 Performance index of each controller under condition 3
il M. H o
PID 0.023 41 5.949x10°° 0.007 908
ARC 0.031 19 -3.605x10°° 0.000 8552
BP-FTARC 0.007 868 1.759%10°° 0.002 65
RBF-FTARC 0.003 789 —9.339x107 0.000 650 2
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EHA fault diagnosis and fault tolerant control based on adaptive
neural network robust observer
ZHAO Jieyan', HU Jian"", YAO Jianyong', ZHOU Haibo’, WANG Junlong', CAO Mengmeng'

(1. School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China;
2. State Key Laboratory of High Performance Complex Manufacturing, Central South University, Changsha 410012, China)

Abstract: Aiming at the characteristics of high power density, complex working conditions, high integration of
components and the wide variety of faults of electro hydrostatic actuator (EHA), a fault diagnosis and fault-tolerant
controller of electro-hydro actuator based on an adaptive neural network robust observer is designed. A robust
observer is proposed to observe the internal state of the model. The uncertain parameters, such as elastic modulus of
hydraulic system is estimated by adaptive law; and the nonlinear, such as friction disturbance is approximated by
radial basis function (RBF) neural network. The feedforward compensation method is used to compensate the fault
and parameter uncertainty, and the robust term is designed to overcome other disturbances. By using Lyapunov
stability theorem, it is proved that the proposed controller can realize the bounded stability of the system in the
presence of faults. The co-simulation results show that the proposed controller has higher control accuracy and
robustness than the traditional proportional, integral and differential controller (PID) and adaptive robust controller
(ARCQ).

Keywords: electro-hydrostatic actuator; radial basis function neural network; robust observer; fault diagnosis;

fault tolerant control
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. 1 = R > 7.3 1
B, mK&E, #KEF, BE
(1. ZEZEMZSKF ISR 552888, K& 1300115 2. ZSZEMizs K Mias SEnmieape, KF 130011;
3. At iR K F2ERE, dbat 100191)
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Fig. 1 Relevant coordinate systems
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Sliding mode control for formation flying near libration
points using hybrid propulsion
HE Jingjiu', YUAN Changging” ", GONG Shengping’, ZHAO Lei'

(1. School of Aviation Operations and Services, Air Force Aviation University, Changchun 130011, China;
2. School of Aviation Fundamentals, Air Force Aviation University, Changchun 130011, China;
3. School of Astronautics, Beihang University, Beijing 100191, China)

Abstract: Abstract: Aiming at the flight control problem of proximity spacecraft formation near the artificial
Llpoint of the sun-earth system, a hybrid propulsion control method combining solar sail propulsion and Coulomb
force formation technology is proposed. By controlling the relative attitude angles of the follower’s sail, the solar
radiation pressure difference between two spacecraft can be adjusted, and matched with Coulomb force, not only the
underactuated problem of solar sail control alone is solved, but the controllability of Coulomb formation is also
improved. Firstly, based on the solar sail circular restricted three-body problem (SSCRTBP) model, the calculation
method of the position of the collinear artificial libration point is given and the orbit of the main craft is constructed.
The relative motion equation of the hybrid propulsion configuration is then determined by the introduction of the
Coulomb force between spacecraft. Finally, the fixed-time sliding mode control strategy is designed to control the
formation configuration by taking the two attitude angles of the follower’s sail and the charge product between the two
crafts as the control parameters. Then the sliding mode control strategy is compared with the LQR control strategy in
order to reflect its high performance. The simulation results show that the fixed-time sliding mode control strategy is
superior to the LQR control strategy in terms of control accuracy, required time and energy consumption. During a 3-
year mission, the formation can be deployed in only 23 days. The baseline relative error is less than 1%, whereas the
error on the other two axes is on the scale of centimeters. For long-term deep space exploration trips in the future, the
fact that no fuel is used throughout the entire process is extremely important.

Keywords: libration point formation; solar sail propulsion; Coulomb force formation; hybrid propulsion; sliding

mode control; LQR control
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Polarization space-time null broadening algorithm in high dynamic scenes
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2. College of Intelligent Systems Science and Engineering, Harbin Engineering University, Harbin 150001, China)

Abstract: The classic anti-jamming algorithm will null mismatch in the high-dynamic scene where the jamming

source moves quickly in relation to the anti-jamming antenna, resulting in the failure of anti-jamming performance.

Therefore, this paper proposed a polarization space-time multi-dimensional domain joint covariance matrix taper

(CMT) algorithm. Specifically, a taper matrix was constructed based on Laplace distribution to simulate the

disturbance motion state. Then, it reconstructed a new covariance matrix through the taper matrix and the original

covariance matrix to achieve null broadening. In this way, the array weight vector was solved by combining the

minimum variance distortionless response (MVDR) criterion. According to the simulation results, the robustness of

the algorithm in the case of rapidly changing jamming position can be confirmed from three aspects, including the

beam pattern, output performance and satellite acquisition results. The jamming signal can still be efficiently

suppressed even if the navigation signal and jamming signal are in the same azimuth and frequency band.
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Table 1 Material parameters of cylinder and bolts

28 Hfe
PR E/GPa 195
THAALE v 0.3

I pl(kg'm”) 7850
FRIMTHBEE Ry/um 0.9
JENRAZFR 0. ./MPa 355
fifiiF H/MPa 570
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Table 2 Material parameters of thin-layer elements

E/GPa G/GPa

FINC “ymifhr xfEmb BRERE  HEm
B8 X 5% B8 X
25000 14.13 1.976 4.39 0.760
20 000 14.80 1.132 5.69 0.435
15 000 15.72 0911 6.05 0.350
10 000 16.25 0.791 6.25 0.304
5000 16.75 0.691 6.44 0.266

(b) p=1/3

(a) p=1/6

(d) p=2/3

(c) =172
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Fig. 5 Finite element model of bolted joints area
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Table 3 The first 6-order natural frequencies of thin-walled cylinder under different 3 and ¢
[ 43% /Hz
B /%
Al £yl iy 30 Al ELR] iy oy

0 0 1399.28 2 864.41 3536.57 4045.11 4 685.78 4956.10
1384.42 2 859.87 3536.48 4044.03 4 675.44 4952.45
20 1398.16 2 863.85 3536.58 4044.39 4 684.99 4955.62
1378.25 2 858.42 3536.44 4 043.66 4671.14 4951.28
0 1397.71 2 863.68 3536.57 4044.12 4 684.67 4955.47
16 1374.14 2 857.54 3536.41 4043.45 4 668.26 4950.58
o0 1397.43 2 863.58 3536.57 4 043.96 4 684.47 4955.38
1370.21 2 856.73 3536.39 4043.25 4 665.50 4949.95
0 1397.18 2 863.49 3536.57 4043.82 4 684.29 4955.29
1374.61 2 857.12 3536.42 4042.99 4 668.81 4950.14
20 1390.24 2 861.32 3536.52 4043.36 4679.39 4953.57
1363.38 2 854.69 3536.35 4042.28 4661.21 4948.11
0 1386.70 2 860.34 3536.49 4042.77 4676.84 4952.76
13 1355.51 2 853.19 3536.30 4 041.86 4 655.94 4946.85
0 1384.41 2 859.74 3536.47 4042.41 4675.17 4952.88
1 347.69 2 851.80 3536.26 4041.48 4 650.74 4945.67
0 1382.27 28 59.19 3536.45 4 042.09 4 673.59 4951.83
1372.46 2 856.47 3536.40 4042.13 4667.48 4949.54
0 1374.66 2 856.70 3536.40 4042.15 4 668.30 4949.77
1359.79 2 853.78 3536.32 4041.15 4659.13 4947.25
0 1364.37 2 854.12 3536.33 4041.17 4 660.80 4947.67
12 1350.74 2 852.11 3536.27 4 040.55 4 653.28 4945.80
00 1357.46 2 852.63 3536.28 4 040.59 4 653.69 4946.38
1341.57 2 850.55 3536.22 4 040.02 4 647.45 4944.44
0 1350.82 2 851.20 3536.23 4 040.06 4 650.73 4945.18
1358.51 2 851.94 3536.28 4 040.94 4 656.59 4946.04
20 1371.43 2 855.93 3536.39 4041.29 4 666.58 4949.08
1 340.96 2 847.80 3 536.15 4039.58 4 643.47 4942.73
0 1358.56 2 853.07 3536.30 4 040.03 465791 4 946.65
3 1329.11 2 845.25 3536.07 4038.77 4 634.36 4940.73
o0 1349.44 2 851.29 3536.25 4039.27 4 651.86 4945.12
1317.80 2 842.89 3535.98 4038.04 4625.33 4938.95
0 1340.23 2 849.63 3536.20 4038.58 4 625.85 4943.68
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Fig. 6 Influence of ¢ on natural frequency of thin-walled
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Fig. 10 Influence of ¢ and B on response of structure
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Table 4 Data of bolted joints under different preloads F

ﬁfﬁlﬁnﬁi Aymm’  A/mm’ a OIS;\II{m) E>/GPa E|/GPa

5 17.63 976.46  3969.26 9.351 16.350  0.689
10 17.63 976.46  3969.26 9.439 16.121  0.790
15 17.63 976.46  3969.26 9.485 15722 0911
20 17.63 976.46  3969.26 9.529 14.908  1.130

25 17.63 976.46  3969.26 9.573 11.559  1.980

K1/10° (N-m)
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Fig. 11 Relationship between £, and Ky
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Fig. 13  Finite element model of mistuning bolted joints
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Influence of mistuning bolted joints on dynamic characteristics of
thin-walled cylinder
YAO Xingyu"
(Aviation Engineer Institute, Civil Aviation Flight University of China, Guanghan 618307, China)

Abstract: The performance degradation of bolted joints is a problem which should be considered for the safety
of aero-engine. The concept of preload mistuning of bolted joints can characterize the performance degradation, and
the preload mistuning amplitude and the preload mistuning ratio are used to illustrate the state of the preload
mistuning. The influence of mistuning bolted joints on the dynamic characteristics of thin-walled cylinder was studied
based on the combination of preload mistuning with the improved thin-layer element method of bolted joints. First of
all, the deterministic analysis of the influence of preload mistuning on the thin-walled cylinder was proposed,
including the influence of the natural frequency and steady-state response. Moreover, the influence of preload
mistuning on the probabilistic response characteristics of thin-walled cylinder was researched considering the
randomness of bolt preload. The results indicate that the separation degree of the same-order natural frequency of thin-
walled cylinder increases with the decrease of preload mistuning amplitude, and presents a “ double peak”
characteristic with the increase of preload mistuning ratio. The preload mistuning makes the frequency corresponding
to the response peak of thin-walled cylinder reduce but the amplitude increase. The random preload mistuning makes
the frequency band of the response peak point wider, and when the input parameter is exponential distribution, the
output parameter is Weibull distribution.

Keywords: bolted joints; improved thin-layer element method; preload mistuning amplitude; preload mistuning

ratio; thin-walled cylinder; probabilistic analysis
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