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Table 1 Comparison between NAIS database and

annual report on national road traffic accidents(2017)
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Table 2 Variables for Logistic regression analysis
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Table 5 Conversion of ternary variables to

binary variables
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Table 6 Characteristics and numerical representation

of clustering parameters
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Table 7 Speed value analysis

75 e | EiR NS #2%k H3%K H4 K #5%k %56 2% TS %8 2K
W3R % 3 B (R %) / (km - h 1) 44 50 53 56 38 50 50 42
R %/ (km - h ') 45 50 55 55 40 50 50 40
BARZE B (P %) /(km - h™h) 25 21 30 40 40 23 40 33
HAR %@/ (km - h™') 25 20 30 40 40 25 40 35
=8 ERELZR
Table 8 Clustering results
S8 Gt & ZHUH B B2 W3 PaX PESEK Bk BTA H8K Mt
e AN 30 77 49 40 55 36 69 0 356
RAKR Bk BN 14 18 0 0 2 3 12 24 73
T R 25 4 RS 18 14 2 2 0 0 5 29 70
H fi 14 70 49 35 26 39 36 50 319
B ZA B TR WA 5 kT A 44 23 0 2 21 50 1 141
R W TG 5 KT 1R 4 16 2 5 10 0 0 2 39
N e T 62 0 51 42 57 39 86 53 390
LLES A T 0 109 0 0 0 0 0 0 109
HAT + HETES 42 24 15 0 29 49 12 171
EREZSES K NHHATEYS 16 18 14 0 20 23 34 17 142
WHAESIT 4 67 22 42 8 16 3 24 186
HAT 61 88 51 41 22 37 84 47 431
WATBHER  HE I 0 16 0 0 29 2 1 5 53
ik 1 5 0 1 6 0 1 1 15
e 1 % 56 85 45 42 28 31 83 48 418
L Nyl Bt % 24 6 0 29 8 3 5 81
Wik 4 0 0 0 0 0 0 0 0
HAT 5 47 47 41 55 1 81 49 326
YR EEM e bt 56 52 3 0 2 35 4 156
il 1 10 1 1 0 3 1 0 17
e H % 58 56 0 42 35 36 68 34 329
g i it MR 23 22 0 12 2 14 12 89
Wi % 30 29 0 10 1 4 7 81
B 62 109 51 42 57 39 86 53 499
(¥
hi H /% 12.43  21.84 10.22 8.42  11.42 7.82  17.23  10.62  100.00
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Table 9 Intersection test scenarios for AEB
it g1k EHES 953 2% 5542 95 2% 556 2% 7K 958 2%
RAEM [FE AN [EE AN [FE AN [N [N [FEEAN [N R
SR A AT IR A [ 1T HE 1 H 1 H 1] H 1] H 1] H 1] T R1 AT I T HE A H 1]
6 1 2 R TR T+ R asl R anl i an| A +FHa
HAT + S HiT+HE A HEA HAT +
5 BT 2 RS e waksr wmapar 0 RS REEL RS e
5% 5% 5% 5%
Mk 452 s 2w HAT HAT HAT HAT JEkk HiT HiT HAT
WAt 7 e B/
45 50 55 55 40 50 50 40
(km-h™")
I % 72 e % e 1 % e 1 % T A% iR e % e 1 % T %
H b5 7212 3h 26 1 % Tk H1T HAT HAT i HAT HAT
H AR 42 o g/
25 20 30 40 40 25 40 35

(km-h™")
SR T T M % e % (R e 11 % e 1 % e F % e % e F %
o Sohls ‘Jr ol I ol Zhls Zhls A o | I

” an T mte Bl BLE BLE mi mln

951 R RO TE NG IO TE] A AT BT Y
AHEGMESESTN 70, BTk H4 S
A e HI 4 e vl o€ 56 2 R R MG R E R
WA ST FH, AT R4 5 A %Rk
ERAEME 3 KGR NEHNA R, ZAFEY
TH 70, BT R4 5 BT WA 2 &4 b
54 KRB AR A FESITN 5
PO HATRME S BATRME R E 55 24
s AR AR, BAA HAT M SE ST+
TR AR SEAT R AR EWR 6
K5 R AR, ACE BATE 550+ 5 5%
HOEATRHZE S AR R E R 55T 2Ky
SN TENG W BB TE], A AT R B A AT AN A% 2
UMD, BRI S HIT RN ER
A 8 KRN AWM AR, KA E ST
TFE O, BT E S EHAT R KA R,

Wit BB 8 K, & BHNEM
FTHLTPE o DB T ph R R TIT L A 1 AR 6
Ko s 7] R I BAT S AR e g
BT MG 4 KRR TR AR EAT S
EATE A g 3 0 B 2RI 35, 50 2 e ek
T TR R e N AKX RN E L AR 3
KW T Wi 4ES 5M 5,58 5 K 17
S5 5 NRAERM 5,5 8 JE il T
K5,
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Intersection test scenarios for AEB based on accident data mining

XU Xiangyang', ZHOU Zhaohui', HU Wenhao', XIAO Lingyun®, LI Wenjuan', WANG Shuhan' "

(1. School of Transportation Science and Engineering, Beihang University, Beijing 100083, China;

2. Defective Product Administrative Center, State Administration for Market Regulation (SAMR) , Beijing 100101, China)

Abstract; Based on 499 real intersection accident data in the national automobile accident in-depth in-
vestigation system, this paper aims to study the Autonomous Emergency Braking system ( AEB) intersection
test scenarios adapted to China. The feature elements of the autonomous driving test scenarios are extracted by
analyzing the factors affecting the severity of accidents based on multi-Logistic regression, and the test scenari-
os are constructed. Taking scenario feature elements as clustering parameters, the hierarchical clustering algo-
rithm is used to obtain 8 kinds of typical dangerous scenarios of the collision in intersections. Eight kinds of
AEB intersection test scenarios adapted to China’ s traffic conditions are established. The research shows that
China’ s intersection scenarios have certain similarities with the Euro-NCAP regulations, but they are more
complicated than foreign countries, and the conflict of turn left and go straight at crossroads is the scenario that
needs to be focused on. This study takes the lead in conducting domestic AEB intersection test scenarios re-
search , which can provide reference for the development and test of domestic AEB system, and can be used as
the basis for establishing China AEB intersection test evaluation system.

Keywords; test scenarios; Autonomous Emergency Braking system ( AEB) ; Intersection accident; Lo-
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Target tracking algorithm based on AIGWO-IMMUKF

YOU Hanghang'?, HAN Qisong"* , YU Minjian' , LONG Hongzhi’, YANG Haiyan', LI Pengyong’

(1. Air Traffic Control and Navigation College, Air Force Engineering University, Xi’an 710051, China;

2. Unit 94498 of the PLA, Nanyang 473000, China;

3. Unit 95380 of the PLA, Zhanjiang 524000, China)

Abstract; Aimed at the problem of filter selection and model design in target tracking algorithm, an

adaptive Interacting Multiple Model-Unscented Kalman Filter ( IMMUKEF ) target tracking algorithm is pro-

posed. First, the algorithm steps of IMMUKF are introduced. Second, the Improved Grey Wolf Optimizer

(IGWO) is proposed to optimize the filter parameters, and the time-varying Markov state transition probability

is established by constructing the adjustment factor. Then, the AIGWO-IMMUKF algorithm is formed and its

algorithm flowchart is given. Finally, the AIGWO-IMMUKF algorithm proposed in this paper and the tradition-

al method are simulated under the same conditions, and the root mean square error curves of position and ve-

locity as well as the timeliness comparison chart are obtained. The results show that AIGWO-IMMUKF algo-

rithm overcomes the shortcomings of traditional IMMUKEF , improves the performance of the algorithm, and has

better accuracy and timeliness.

Keywords ; target tracking; Unscented Kalman Filter( UKF) ; Interacting Multiple Model (IMM ) ; Grey
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Coincidence counting and acquisition of the time difference of
arrival in quantum positioning systems
CONG Shuang” , SONG Yuanyuan

(Department of Automation, University of Science and Technology of China, Hefei 230027, China)

Abstract: Based on the Graphic User Interface (GUI) in MATLAB, the software is designed to realize
the acquisition of quantum entangled light signals and the coincidence algorithm of the two entangled photon
signals collected. At the same time, the selection of each parameter is optimized and determined by perform-
ance experiments on three important parameters including the coincidence gate width, the acquisition time and
the delay increasing step in the coincidence algorithm. The design and implementation of the ground data ac-
quisition and information processing module is completed by studying coincidence counting and Time Differ-
ence of Arrival (TDOA) based on quantum entangled light. Finally, the simulation platform of TDOA fitting is
designed and implemented. The experimental results meet the desired accuracy and efficiency requirements.

Keywords: spontaneous parameter down conversion; quantum entangled light; Time Difference of Arri-
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Image fusion dehazing algorithm based on minimum
channel and logarithmic attenuation
YANG Yan® , ZHANG Dexin, YUE Hui

(School of Electronic and Information Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China)

Abstract: The image color degradation and blurred details acquired by various image acquisition systems
in foggy weather seriously affect the stability and effectiveness of outdoor imaging system, so it is necessary to
study image dehazing technology. Aimed at the incomplete edge dehazing of dark channel dehazing algorithm,
a fusion dehazing method based on the minimum channel and logarithmic attenuation is proposed. Firstly, the
logarithmic attenuation of the minimum channel map of the foggy image is taken as a priori hypothesis, and
then cross-bilateral filtering is performed to eliminate the texture effect. Before and after the operation, down-
sampling and upsampling operations are performed respectively to improve the operation speed, then we get the
initial transmittance. Secondly, Canny operator is used to detect the edge of the minimum channel and loga-
rithmic attenuation is carried out to obtain the edge information map. The initial transmittance and the edge in-
formation map are weighted and fused to compose the optimal transmittance. Finally, the atmospheric light
value obtained by the improved quadtree search method is used to solve the atmospheric scattering model and
restore the fog-free image. The experimental results demonstrate that the proposed algorithm can effectively
suppress halo effect and remove edge residual fog, and has good real-time performance.

Keywords; image dehazing; image fusion; minimum channel; logarithmic mapping; cross-bilateral filte-

ring
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Table 1 Re-planning simulation experimental

task completion rate

=M ES £ 155 58 LR/ %

W WmnE ME DDCP MCP  BCP  AUS  SSA

40 80 97.5 100 85.0 61.3 77.5

46 126 94.4 98.4 84.9 61.1 74.6

33 159 88.7 93.1 74.8 63.5 64.8

37 196 85.2 89.8 69.9 54.6 59.7

40 236 83.9 89.4 69.9 48.3 54.2
.3 .0

42 278 80.2 85 68 43.2 50.0

A W R W N =

F2 BEMYMAFELKIZEITHE
Table 2 Re-planning simulation experimental

task running time

B (A /s
LA UK

DDCP MCP BCP AUS SSA
1 0.764 2.200 1.226 0.766 0.781
2 0.803 3.297 2.707 0.875 0.828
3 0.892 5.641 2.979 1.031 1.203
4 1.088 7.219 4.394 1.466 1.437
5 1.331 9.578 5.908 1.969 2.344
6 1.549 14.98 8.768 2.375 2.984

®3 BEHUNFEIBARYLEE
Table 3 Re-planning simulation experimental

scheme change rate

HRL  AE5 T RBER %

W WK% DDCP  MCP BCP AUS SSA
1 1 29.5  41.2  41.3 35.5  46.9
2 0.575 21.8  36.3 37.3  27.7  40.3
3 0.261 19.1 32.4 28.9 28.2 25.7
4 0.232  15.6  25.6 18.4  20.0 20.6
5 0.204  10.6 17.5 16.9 13.6  15.8
6 0.177 8.5 13.5 14.4 10.9  10.8

WME 5(a) E 1PN, BT TS ol 2
HokE 22 B IR R IR B RN R fE 2 W E M R
AUS SSA W Rl AT 55 (AT 55 56 R T BB & 1
BCP MCP .DDCP 3 FhJ7 ik 78 5 IR AT 55 & AL 4 B,
A4 Je 1 BE AR Ak 9 R 0 B [ 6 1, 6 JRUA O Sk
TR, BT LA 55 S8 LR T BR 2212 i 2
MCP J5 ¥ o 48 &R 4 J5) i A ) DDCP J5 2 i
i 2 YR ARG oL 4 JR e A, SR B T R
N AT 55 56 LR EE SR, DT BN 3 FH 5 R Rl
T3 LU 45 R WoR, #E 6 W ML S, A X T
AUS [SSA BCP %5757, DDCP J5 i i 1 55 58 it %
PR T 2425%

mME 5(b) K32 fim, 5 3.2 Wkt
SCEGAE A, T DDCP J7 ¥ R BT 4 2 R
3 FE SR s 1A [ 1 0 B AL, 2 4 T o R i 2%
iz truria), i HoAl 3 #p 53 , DDCP J7 ik 78

100
s BT
ﬂ& 50
Q@
=l
25+
1 1 1 1 1 1
0 2 3 4 5 6
o HLR R
& MCP —A-BCP —o-SSA
-5 DDCP —<-AUS
(a) fL55 58 MR
I5F
/2718
236/
« 10F 195
=
j-T;
&
1§ 5k
0
LRI /TR
-8-DDCP —&-BCP - MCP
—*—SSA ——AUS - —{T-45 5t
(b) iZ17HY 8]
100 =
60
< _
B N
i =
= ™~
20}
0

ALY
-8 DDCP —<—SSA —&-MCP
“CAUS —&BCP = LAl
(©) rFER

P 5 B ALKy 0SB 45 2R

Fig.5 Re-planning simulation experimental results
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WELS () K3 3 o, Bl oA 4] UK 1
LS BT AR U7 SRR R R T BEE Y, M
BCP MCP ,SSA (AUS 4 Fi Jy ¥ 19 7 S8 B0 28 R 5
T DDCP J5 i, & 0 I vk LRI 7 RMUE R 2
AR5 KA DDCP Ji vk i TR T 2 )2 R
e R W, 7 55 5= 23 TS R AT 55 BE 6 58 0 K 4 W
WHRRE ) BORIE T B/ J7 S8 5 i L 6
UCHE ML JE DDCP J5 ¥k 19 J5 58 U8 AL 8. 5%
AR HoAl 4 FhOT L3R T 50% 7245, B2 3 0 H A
55 AW A LI 5 S8 AN W s Y S R 5

Zi b, DDCP J5 i WAL 55 e iR 5 F 2R
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BARTEAR S8 > AR5 BN T A E S
DDCP J5 i A0 >4 B AT 55 5¢ ) 28 Mg A7 B[], {H 7
AR EGR F] 6 KB, AT 55 58 R AN & DDCP
Tk 80% , H 5 %8 el 7 2 AH AL T DDCP J5 ik
20% , SZESSESAIEH] DDCP vk BRI T /0 i
1155 58 % AR AE T 58 0028 56 K 3a A7 B[R] 7 T A
FACh B B T INGE A AT 55 3 A AR Ak Y N
AHTNE .

4 & ¢

=

1) ARSCER T — o 2 345 [R] 0 b 150G XT3l
LI 5% D5 3 25 B [ B Sl ME 2, R DA A ke oz 2 R
Hh 22 BT IR DI () AL S 4 ) AL, 0 HE 28 RE % b ) 22
2 X LI PR ) R P T M R S R
M7 %

2) ASCHEM T H R B A 3 0L I BE U B
[ JL K S, B T 1 AT 55 O S UL T SE
55 58 R 3R T AR 55 sh A A i 5 T E LA
J7 SRR E P, HINGE TS PR T Y R
AT 55

3) A SO T R AR 4 A B S0 R 5
5BV A B vh SR H A L2036 32 A
A B i g A B TE IR, OROR R TR T kK i
1]
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Dynamic collaborative planning method of earth observation
resources based on contract network
PEI Xinyu', LIU Baoju', DENG Min"* , WU Guohua’, BAI Xue', HU Shuling'

(1. School of Geosciences and Info-Physics, Central South University, Changsha 410012, China;

2. School of Traffic and Transportation Engineering, Central South University, Changsha 410012, China)

Abstract. Satellite, UAV and other earth observation resources have become the main observation means
to carry out various monitoring tasks, such as disaster rescue, disaster damage assessment, etc. Random ad-
justment and dynamic execution environment of large-scale tasks are the core problems to quickly develop earth
observation programs. In view of the above problems, a dynamic collaborative planning method for earth obser-
vation resources in uncertain conditions is proposed to dynamically and efficiently develop the cooperative ob-
servation scheme of heterogeneous resources. First, a bottom-up distributed dynamic cooperative framework is
proposed based on the contract network protocol to integrate the heterogeneous observation resources of air-
space-ground and to build a distributed, dynamic and loosely coupled cooperative observation network. Then,
based on the above collaborative framework, a multi-round combination allocation method and an optimization
algorithm are proposed to allocate large-scale monitoring tasks rapidly and dynamically. Finally, the results of
simulation experiment show that the dynamic collaborative planning method based on contract network improves
the task completion rate by about 25% and reduces the collaborative planning time by about 20% in the dy-
namic uncertain conditions with continuous task concurrency, which achieves the balance between task com-
pletion efficiency and method running time.

Keywords: contract network mechanism; air-space-ground coordination; collaborative planning; earth
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i B REHOLE KB A (SIM) 5 R 5 K A5 R AR (ISRU) B & 4 &, 2 #E ok
HANAMARE AT TREER, SIMERTBA KRB HEREFRETEEY W, £ T3
REUBRFERAER T F, BIBRUAEZFE LA X TE R E-HEEMEAEA,
Hamaker 326 X P W2 50 @ B, @ L RA 50 7 FAR AL R R = 48 & #3200 7 3% (DEM) R 3k 2k
B HAARAIATENAREAR IR T HREERART., SRET ARER 0T it
FRERIAMTFESENENARFRE R AR UEFERTAKEAGEF R ATBRES
AEFERRETMEE LA RGP A @A AD ;BT E R E A
W, TUARREAEERORRANE, RREE LMY TR REM,
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Fig. 1 SEM image of lunar regolith simulant
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Abstract; Spaced-based Selective Laser Melting (SLM) technique in combination with In-Situ Resource
Utilization (ISRU) concept can be an off-world manufacturing solution to the significant engineering challenge
on the large-scale construction for extra-terrestrial bases. Powder spreading process in SLM has a major impact
on the characteristics and quality of final part. The geometric shape of the lunar regolith simulant particles was
modeled by means of a non-spherical particle superposition model method. The particle’ s dynamic model was
established based on linear spring-damping contact model, Hamaker theory and Newton’s laws of motion. A
three-dimensional Discrete Elemeat Method ( DEM) technique with soft-sphere approach was employed to in-
vestigate the rheological behavior of the lunar regolith simulant powder during spreading process under various
conditions. The results show that the proposed model and method can be used to study the flowability and
packing behavior of lunar regolith simulant powder system as a function of process and environmental condition
parameters. Lunar reduced gravity leads to larger values of surface roughness and smaller values of packing
density and averaged coordination number of powder bed; the quality of lunar regolith simulant powder bed
during spreading process under lunar gravity can be improved by reducing spreading speed and geometrically
optimizing blade type spreader profile, resulting in a denser and more uniform powder bed.
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Adaptive UAV target tracking algorithm based on residual learning

LIU Fang® , SUN Yanan, WANG Hongjuan, HAN Xiao

(Faculty of Information Technology, Beijing University of Technology, Beijing 100124, China)

Abstract: UAVs have been widely used in military and civilian applications, and target tracking technol-
ogy is one of the key technologies for UAV applications. Aimed at the problem that the target is prone to scale
change and occlusion during the target tracking process of the UAV , an adaptive UAV video target tracking al-
gorithm based on residual learning is proposed. Firstly, by combining the advantages of residual learning and
dilated convolution, a depth network is constructed to extract target features and overcome the problem of net-
work degradation. Secondly, the extracted feature information is input into the kernel correlation filtering algo-
rithm, and a positioning filter is constructed to determine the central position of the target. Finally, adaptive
segmentation is performed according to the different appearance characteristics of the target and the scaling co-
efficient of the target scale is calculated. The simulation results show that the algorithm can effectively deal
with the influence of scale change and occlusion on tracking performance, and has higher tracking success rate
and accuracy than other comparison algorithms.

Keywords: UAV; target tracking; dilated convolution; residual learning; correlation filter; scale adap-

tation
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Bare soil circular polarization scattering properties for GNSS-R applications
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Abstract: GNSS-R is a new way of earth observation that uses the reflected signals of navigation satellites
to remotely sense the geophysical parameters. Its unique feature is the circular polarization scattering. This pa-
per employs the advanced integral equation model of bistatic scattering as a tool, and uses polarization synthe-
sis to convert the random rough surface scattering model into a microwave scattering model that can calculate
various polarizations. Simulation and analysis of the circular polarization scattering characteristics of bare soil
under different observation geometries and different soil moisture contents are carried out. To some extent, the
development of the random rough surface circular polarization scattering model fills the gap in the GNSS-R
mechanism, and provides a tool for the subsequent further inversion of soil moisture.

Keywords: GNSS-R; soil moisture; polarization; random rough surface scattering model; observation

geomelry

Received: 2019-10-23; Accepted: 2019-12-06 ; Published online: 2019-12-25 14.27
URL : kns. cnki. net/kems/detail/11.2625. V.20191225.1157.001. html
Foundation item: National Natural Science Foundation of China (41501384 )

# Corresponding author. E-mail: wangfang@ cttic. cn



dhﬁ#ﬁ Octob 2020

Vol.46  No. 10

2020 4 10 A
$546 45 5510 ]

tEMEMRKEFFR

Journal of Beijing University of Aeronautics and Astronautics

http: // bhxb. buaa. edu. cn
DOI; 10.13700/j. bh. 1001-5965.2019. 0471

e AR EZE SRR S £ % e Tl 77 &
BRETFEL FE, B, ARE, TEE, HxH

é I 2N
(1. P EGEZ R SHLPETERE, bt 1013045 2. dbstATas ik Roe iz B2 5 T2 pe, dbat 1000835

3. A R EHORBETEBE, bt 100024)

jbuaa@ buaa. edu. cn

i B A MEEMERINEEEEME T FHEFERK, UK E £ Ti-6Al-
AVRREEELEMAG , RY —HERTALEHUMIRFT L HFHGTN T &, ETHEN
Manson-McKnight 77 i #1 % % J o7 246, % %7 47 47 5 Bl % 0 ) % 4k (ESP) R AE, B 3h IR
REOWEMEMRE A BELHRIT LM (FEA) # ESP FIM . ZTHR I FER TR AA
WAL A VER LR BB TR RBMERNT &, BAIBIRTY RES G RAKEBHX
R BERSAERKETMNMAE T RAEG. ERET 46 £ Ti-6Al4V REREH LN
WA EFREAT RATMNEL L EH A 18, R EK T A FMEE LI EHF S EF
bHEG(BREHE +T RE)TNEELREN 2 E08HF N RANHRT SR EEEY

WM BT 2HFGY R E, BB NG T, & AN RN I8N & {2 24 kN, 4k & &
Ti-6Al4V R EEZBELEMP I HT 240K LN R ER
X B W MR REREERLEM; BEHRE; BMAHET; Fa TN

hmESES. V231.91
MHEARRRED: A

Wi zs & BIHLRE AL IR e S i it
50 5 22 R) kR HME % 45 45 4, L — P gz fik
KEWERZE X Pl TSRS, it A 23]
B0 R T IR B AR S 0 #on A T i AR
S B S RS B 1 MEAS 22 8] 7 AR /N8 Bl O R A2
TG IR Ty, 5 RO S AR A 4 ik S TED b R A Tk Bl 9
57 o TSR 57 N I M T 0 A R 57 S B0 A A
PR, 0 BRARGS A R 57 R . IRGE T MR
iR R R 2 R AT Z — s &
ML, A I Rk 20% 4 I e Sy M o 4 4
g ok 2R A B B3N 450 40 e fif 45 4 9% 55 5
FeA% 20% ~80% ',

FLI 0 L 25 K B AL ME % 1 45 4 5 B A e I O
2B 58 0 55 O R . BE AR S L AR

XE4HS: 1001-5965(2020)10-1890-09

THRE o5 AT S K A i BLAR S A 23 R s Pl
M Y B 5 M T 1 40 2 AR BB H 25 5 O
51 2 4% [ 23 & 3 L0 3 7 A BT ARG 1 56
TEo B IE B0 BT 23 K S LME X 122 45 e o
F AT AT G L 23 K BB B U A T R
B X 2R S S MR I 42 45 F S s 5 405 1) A
AN TF R T KEWFSE T4E. Golden 45 4
S 388 L M 34 45 ) 5 T VR S 25 4 03 R 4k
e L, FF R 7RI S FUECIE 05 B 5, R B 1
(1 M 32 B 2 M TR B 0 55 S B A, B TR B &
3 2 M T2 405 KD 01 S0 0 97 Tk R L 3RS OR R T
S5 P T M S 8 M I T8 Bl 9 5 O A, 9 TR 2
T2 B B — o T 5 0 T B % 5 A i T
W7, SR FH CAPRI S5 Xob e 32 42 205 #g 3 47 5% o

Wi B 2019-09-02; EABH. 2020-04-03; M4 H A E ;. 2020-04-16 09 .54
M 2% H R # ik ;. kns. enki. net/kems/detail /11.2625. V. 20200416.0926. 001 . html
E£TH: HEXAARSES (51705490,5187600) 5 % 45 T 0 £ 5246 % Hh 4 (614290802081706)

= BI51E&. E-mail; mosquato@ buaa. edu. cn

S|HER: 77, 2%, FF, & HREBEBELZHRAR T L FESTNT L[] FMEMRAFFR, 2020, 46 (10) : 1890-
1898. XU K N, LI W, HUANG Y, et al. A fretting fatigue total life prediction method for dovetail attachment [] ]. Journal of Bei-
jing University of Aeronautics and Astronautics , 2020 , 46 (10 ) : 1890- 1898 (in Chinese ).


qwqw
新建图章

https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK202010009&dbname=CJFDAUTO&uid=WEEvREcwSlJHSldSdmVqelcxVTI2bUdjNFRCZyt3UG8wSFZyV0RKTHB2ND0%3D%249A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

510 Hy

A 4R

TRT T A e R MR I T A M Sl 0 05 4 A i TN Oy vk 1891

30T, R FH A5 880 7 ek T 284 80 pUA% 73 i, R 2
LY AR O R A i, 48 S S,
Wt B B ) SRS 1 . Shi 2T R S8
TIENESE T4k & 4 TCA B DI 2 42 45 44 1 sk 3
WY 97 PERE , IR F SWT Il - TV T 17 M 34 4
K B S B % 57 45 4 . Mangardich % SR LS
I A S A 1 T i BESE T i 25 & Sh AL R i
- Bk 2 TA) AR % 0 5 4 T s Bl 9% 57 PR R A T
BEWE 5 T2 90 45 75 58 T ME I 45 45 A0 (0 T Bl 9% 97 2L 4L
WA P AT A, Il ik FRANC3D K724 g 2443
BT SR T T 3 2 45 4 1 B 9% 57 8L TR AT
A o BRSNS e s, R
PG - T V5 B T T ME % 45 25 0 00 0 30 9 57 1k
A, IF 0BT T sl e MR T T RS SR R A5
ROEERIBVEAT o 0 450 LI o 2 445 44 R Ak
BB R BT TE XS 4, 45 i FLF- Tk, 4 ) — sl
AW S e ST T U AT AL, 28 9080 56
E, T E D% 25 or B R 2 A5 T LN, Hu
AU SR A TR S 0 A B G B A 7 D7 ok R A
THE SRS M B T Eh 9% 57 0], I SWT (F-S 4§
9% 55 SN T 80 AL ) B U
MY A FRIC (XFEM ) 34 10 2 808 R 47 R IF
TN LB i 75 i, 28 55 g ik, TR Bl I 55 4 A
(HGURHE T o + LY R F 4w ) TONORS BE 0o

L5 LA MR A5 A B B % 07 Y A
59290 7 VB O BT 2 A, SEER 5k Al LA
L M I R BB % 07 FF A BB R AT
S ARAR ME E B S0 R S AL Y IR A% BRI, BF 92 ) 30
FHBLAS AR A i, I FLAS B8 52 B O8I0 425 fiok DX 7 g L
S U EE N VS AU A0 A 28 BB O 5 vk Dy S
B AR T MM AN A, & LI I UE B A
ToUIRG R BB AR AL N A BT AN B AT LA UE
READL R S HLAS b &2 2 IR T80, i B AT DA SE Al
S i ok DX g B 0 AR A i [R)INERT DL 2 K
WFFE A, A G Eh S s L ERAIE Y LA it &
PERE PP AG SR AL AR R Y T H . ASCUABRS &
Ti-6 A1-4V e 2 % $E 4540 S 1], 32 ) — Fobodh ] T
S AR B T Eh % 95 4 T A TR0 5 v SR A A K Bl
BIUME % 22 25 6 T B 9% 57 1 68 43 A S LT 5 4 it
BRI,

1 RMEEmEFaMlERE 7%

sl T 9% 57 2L i AR AR T R
L S0b R 57 T A PR A B . Bl oy
E 28 R L A5 A S HILME % 4 45 4y S AR O R TE

Ko BEFWR I F I, sh g 57 & Fdr (V) 4
FEHMBN M T (N,) MY R HFar (N,)2 8
G BN, =N+ N o A SORE 53 51 2 37 55 i T A5
YRR A7 1%, T R ANSYS i A FR J0 3 44 Fi
Fortran & f# , & J&— Fhil H T 5 24 45 44 A T A2 4k
AF 53 7 B A B5E 000 7 1% o
1.1 #shiE S5 S SN 1% 5 dn T A B

T Bl 55 4 B0 AR 2 22 ) AT [ A 9 45
M X R Z R RS B I B sl 9% 57 0] R
F— BRIk 1) 22 Bl 57 ) 8, R COR 22 Tl g O
T T BB FR A o 0 22 5l 55 75 i T
W7 2 A 45 8800 7 3 LI 5 OF T L BE Ak AR
Gallagher 25" DU 23 % s L% 44 KE Ti-6Al-
4V R BIFSE NG 38 B S VAR VEAN TR £ o 57
TR A T I BA L G B 9% 55 75 i 7 T R R T, RO
450 WK, B IE /Y Manson-McKnight 45 & N ) #i
Y280k SWT Il A F-1i 2 | Findely £ 7 Fl Socie
B IE F T8k & 4 Ti-6A1-4V fil 3h 9% 57 75 i Tl
W XF % B, & 1E /) Manson-McKnight % %5 i
TR S H0E S Hofth 3 FhO7 B A B R A
fa] R, By T AR e v SE B, 78 S RN T 345 S o
U [R] s 25 P81 22 Bl 1 T RS2 N g, TS R
SHA 3 FhOT AR . AR SO — R T B
1E ) Manson-McKnight 58250 W 7 45 473 2 503 19
Bl 57 280N F7 i 5 RS0 AR A B O
IR T AH Ay B AR HF 248 L X
J5 1R RE TN 2 80 2B Dy ), T B AR e sk ey
JEo BT b A BRI,
11 45 A s A

T 9% 57 24 SO A% F5 A B B 5 W A
SEA IR B 9% 57 1L B S B ARSI T
& IE (% Manson-McKnight J5 i, i £ 2 $0E LR
— AN o, BRI T

_(Ac,)"(o, +0.500,,)""

o 2

(1)

(o

Ao :J;[(Aa-m - AO'”)Z + (Ao, - Ao'z:)2 +

psu

(Ao, - Ag,)’ +6(Ac. + Ao, + Aos) ]
(2)

Um:Zii[(z a'u—ZU'w)z+(z 0').),—20'22)2+
(Yo.-Y o) +6(X o, + Yo+
3 o)1 3)

ﬁ=(20'1+20'3)/(20'1—20'3) (4>
KA Ao, W& RN ) 50, R4 N



1892 G| AN T Nl N = 4

A 4R
EEEE

2020 4F

15w Ry SEIE B, 5 AR RN B AH OC (X TR IR
Ti-6A1-4V $1 8l ,w = 0. 43371 ) ;8 & 1E i Man-
son-McKnight %,
1.1.2 WUGAHKELAR R A £ R BH
T Bl 9 55 4 S0 A% 3 o T o, R TR
SEAR IR BIE 57 1 R B 45 S EOR A DL A I
BT I B R 57 0 S80S s I 5 M BUN
i Z ) B BREROC R o AR ST 25 i SR L 0z
FHIT HAAAE ™ 5 sl 40043 0] R Y 8K 6 4 Ti-6A1-4V
MR R, 25 52 55 0% 1 Wt 28 o, 50 57
SURAZ 5w N, Z (8 X N OC & o I SCik( 14 ]
25 RS 4 Ti-6A1-4V MOBHE R IR T = 50°F )i
JH R =0.1 T P4 0y 52 56 5cds (WL R 1) e
N FFERA U (S) TR 10 R pR R
0. = b N +b,N* (5)
Kb, by by b, WA HE b, =52476,b, =
-0.6471,b, =450.85 b, = —0.03582,

550F — AR

5001
4501
400

o /MPa

g 350f
300

250

20(% 03 1 (I)4 1 (I) 1 (I){‘ 1 (I)7 1 IO" 10°
N1
Bl 1 kG4 Ti-6Al4V 530 ) o, 5 R BULH
N, R
Fig.1 Equivalent stress o, versus crack nucleation
life N, for titanium alloy Ti-6A1-4V "

1.2 WhESZRYY RH o il&Es

T I 8% 55 2L B0 LA 75 4 o3 0 45 51 i
Tl Bl 55 RS0 AR AL (A5 RN ) B/ IME R L E
SN IR BB ) RO B 78 2L S0 A A i ATl
ANBLLL B T W S ) 2 1 L AR v g ) o B TR
B, 2R HIAE Y 0y S0y i o R AR A T f A
X Bl 9 55 a8 AT AT BE AL AL, AR
QKSR A4 R, 48 8 45 1 0 R i iy 24
SURK R (& B K , DAL i 2 sy R 7 iy
N,o FERSY R, 2oy e s g A
Sy R AR R SIS AT S MERR AR AU 1Y O
BT,
1.2.1 Ay k&FHER

B 4 Ti-6A1-4V 9% 55 409 Jg i % (FCGR)
SR R Ti-6 ALV RERHE AR [ 1V 7
T Ry e A da/dN, 5 RN ) B

T K, AT LAl G 2 Sigmoidal BB X, 827 3R ik
AN

P Q d
;L]gp :Aeﬂ(g) [m([f;)] [m(];:)] (6)

th

K. =K, (1 -R)" (7)
e ORI K, MK, 7350000 K, R80T
JEE I VHIL(EL AN BT 2B 18, 0 R LB AN i 9
JE A LAY R R WA AE3 FE L, Y K, < K,
RO ARG K, 0 TR 7 T 5 R 284
JOL F9 82 7 5 B DR 5 sm A S

TG H TG & Ti-6AL4V MBHERE T
AUy B da/dN, BERIFHC

F1 $%hAS TioA4V MRy BEH"

Table 1 Crack growth constants of titanium

alloy Ti-6A1-4V!"!

S8 QIR
K, 4.20754
K, 65.93172
A 0.0254
B ~18. 144
P 3.7107
Q 0.2349
d -0.0066
m(R>0) 0.72
m(R<0) 0.275
1.2.2 By RpErR

TE BN 57 1 B b, LY e T 1) O 3 i 2R
MU B ) FT R R AR S TR T B ) o
FE KRR M2 Bk . w8 Iy
1] A 4 32 BEAT Fie A 1) 17 3 o U i O E R K
SR /N 07 A8 Rl R D 2 AR SCAE B Bh
W 57 RALY T v 2R e R 1 107 o )35
T RE TR, E LR
Ki(9) = cos(%) [ AKIcosz(g) - %AKHsin 0

(8)
0 g REY S K, Dy TR ) 5 B2 TN 5
K, 11BN Iy 58 8 N 5 5 A 3R 13 8l % 57 478 34 o
e R RN SR Z 22 0 SRIIE K (0) ik 3
RAERY 0 (HRIN T — B R a ™ e Jy ml .
1.3 REhEZFeFaTullGE

FET LR 12 9 ST Bl 0 0 A0
Az ) e UM ASE Y, it — ol i T 52 A 45 4 7 ol
B 57 42 A N 5 vk HIEAC AR AN A 2 BT .

AnEL 2 B, sl I 55 42 77 i 0 O3 Sy 2 9
g3 RBUNAE FF o b R B SR A o b AR
SO FF A oy B, S R BROTIE X LA



% 10

TRT T A e R MR I T A M Sl 0 05 4 A i TN Oy vk

db A R

|SE BRI MR T AT BT |

]
[t 5 A B RS B B |

| M AR RLOR B

]
| B A it MR AR RS |
[]

SrotEfR R A/ AT ST T TR

U Jy 1A 7
¥
[ s smsmenn | [RE
! i
[ s meommeETR, || B*2

2 WSO KR AR

Fig.2  Flowchart of fretting fatigue simulation

Ti-6 Al-4'V 318 2 HE 7% 422 45 10 147 o BE 1T 350, SR A A
Rh &SN o, o, 0.0, 0.0 MFE
N oy ose RGN (D) ~ K (4) 1A
BN o, PR G)IFEA SN, S
55 S GUH A A B SN o, e/ ME AT, S
TN N, F/ME . FERLY R F AT,
o, e/ MEAN B A A Y IR 280, 28K E M
I 75 A B B, AN BE X S a0 R A A T 4
FEA R . R FH AR B R 4 T AR 2
T3 HCR e KA e /0N 28 g x4 R D R R
M (6) ~ R () MMy K ESHLY & FHfr
R 5% L O 2R B X i 24 B0 B Ry Il AR A AL
PR AL AW R GK E R RSB R R,
WA R B AR K S YR A K
F 0 M 2 25 T T Bl 9% 55 MUY TR i e
N, o HJa W RMBUN R F5dn 5 2 a0y R A A AR
(N, +N,) BIa] 3RAT 6 8h 95 55 4= F5 4 Nyo

2 mEGERFSHBRESN

2.1 HEMEERLEMGRTER

7 S L T 3 R M T 2 45 R TSI 5 S 1
(LB 350) AAFFE x4, % ANSYS 7 A FROT
PR RR Y 4k 4 4 S D0 F planel 82 S {75 B
T, S M R M T 4 4 110 5 A A BRI A R A
A BROT R AL, R 4 iR, o, M Sk R h

— 191 |~

HL{i :mm
PR3 7GR ME R R 4 M T B O S e it

Fig.3 Fretting fatigue test rig for dovetail attachment"”’

(b) LTS

(a) SERETHETAAAY
P4 172 3 R M I e 25 4 B9 AT BR T 2 A A 2

Fig.4 Finite element analysis model for half of

dovetail attachment

7.62 mm, B R Ti-6 Al-4V 5 BEADLRE S5 A R 1Y [ 72
BEE R 25,4 mm , OB R AN, 5 HE K i (4 1%
SEJE N 254 mm , B R Ti-6A14V
2.2 Ti-6Al-4V I 4EH

BG4 Ti-6Al-4V i T HA & ok 2
B T AN AR E MR RE AP R P A, B TR T2
WL T A R s HLXU | AL S5 R R S5 A
RSP TAES RS Tt 28080 01 <Ksh
I3 WR &R AT RN, i S AR 1A M i
2 235 0 42 f 5 T A 23 7 A R M g T, 2 fi
Tk A A AE R R O B B A E R
TG AVE I N S B # H 2 0R ., 28 B
IR, A SCAE 8 R M T 0 85 M iR B 4 T I R 1 i 9
PEMRIAS K FR . SCHR 14 132 43E T8 IR T Ti-6A1-
4V [ J7-R AR S R, R AR R IR (o)) Z
HAl By Ramberg-Osgood pRAHI I , Bi2p ik 20N

B l o 1/n
€= +(%J (9)
e HENAS (FPER AR + BVERN AR ) 50 N R

B2 F7 5 E s PR 5 KOO 0 36 B A2 B AL R 8 0



1894 G| AN T Nl N = 4

b A5 4R
EEEE

2020 4

A AT A 7 A A A A

Bl 5 g il T B 4 Ti-6AL4V i 77 -1 A2 1
Ak Forb i lRSE B 753. 93 MPa, YA FA L
0.349  BEAE S 116318 MPa, K Sy 854.98 MPa,n

7 0.0149,
900
600}
<
Ay
S
5
300}
0 02 07 06 038 1.0

4

FS kG4 Ti-6AL4V R 7 - 78 i 25

Fig.5 Stress-strain curve for titanium alloy Ti-6A1-4V

2.3 HHEERRESH

K HI ANSYS [y AT BROGHCAE T & 4 BT 1
JHE 2 M 12 2 445 R A PR T A R k47 5 B2 40 T, B 5
] PR R X S S5 RS . [ 6 AT 7 235 45
T2 MBEEL Y von Mises N g 73 A 142 fgh i |
WOV I e 1 3 (p, ) o3 Ao B e s D4 i o7 o
5N R 2 P LTS von Mises I ) 43
Ay P g KA AT , e RAH IR 22290 0. 5% 5 4 fsh T
T3 T Ak 1S 3 A AN T, R R (R A b AR
X D G A M Sk i AR 2 B, I, FE S
ST R R I 4 () R B R AL T SRR

Ja B W BT 2 oy B i S R RO, DN G 2R
B 5 BT B AR FIORG B E Ak X B T R
A SCH A 4 (b)) B R (9 B A TH R, 23 531 5% H
[R]85 i IX B TT RO W R A7 3 B 5, B 4%
e f DX C RS I R R R . W 8 i
718 3 itk DX BT NS ) 1] 2 S T AR >4 B

e
von MISeS 0”90 180 270 360 450 540 630 720 810

iz J3/MPa ©
Y
(a) SR AT (b) fRifk i1
(R KAE811 MPa) (K A807 MPa)

[€ 6 e MR 4 e 45 44 B von Mises Jif Jj 73 i

Fig. 6 von Mises stress distribution for dovetail attachment

JCRSFIB/INE] 54 wm LUTR I, £ filh b7 g # TR E
DRI 1 i 252 W 24 28 8003 B+ R SR I S OE R
2 fh DX A% A 9 T

Ja BB & oy M b B A R R ORI
ARG A AR | = AR A R R AT R B S T,
SEF fph DX VL ) A8 A MUY, DAAE DR SIE 3 53085 JEE 14 1)
IS 3 AR o e BRIT AT of MR e 45 1
—HERERIR A 8 A A S A FLIT solid185 3] 43 [
A% A X B IC RS O 54 pm, 8] 10 SR T 4% fi
D) i 426 Al 32 3 % B o TR, T AR SO S Y
JFEMEFE A R, A R Y AR AR ) 1) 4
S L ) FE AR — B DI, A ST R E A AL
AR SCHE R ] 4R AL

1 000

—=— SEAE T AR

sofT il

s OF
ey
=
S =500

-1 000 -

-1 500 L I 1 I L I I I I I 1

-12 -08 -04 0 0.4 0.8 1.2
s/mm

PRI 7 e R M I R A5 R 4 U0 e S fk 17 3 4 A
Fig.7 Tangential contact stress at contact interface for

dovetail attachment

1000

~ FAITRAF/um
= 2N —33
- 54
—108

-12 -08 -04 0 04 0.8 12
s/mm

P8 AT B RUT T B0 1] 422 fih )iz g

Fig. 8 Tangential contact stress at different element sizes

PO gl R A AR A B A PR T A Y

Fig. 9 Refined mesh for dovetail attachment



A AL
o5

2510 1) TRT T, A e R M e A5 M I B 9% 55 A S i T vk
1000
oo THEIR
500 F — ST
OF
<
=W
2 500
QL
-1 000}
~1500F TN | TR
_] 2 1 _0I8 i _0I4 i 6 1 0\4 1 0I8 1 ] 2
s/mm

P10 2k = AR 14 ) o 42 i 17 3 155 45
Fig. 10  Calculation results of tangential contact

stress for 2D and 3D models

] REEREERELEMMIESTEED

o
3.1 WEFRURZEGST

K 4(b) B s 1Y = 4 7He e HE 14 15 495 1) 5
I (JELRE R 7. 62mm) FIE 5 FR %K 4 4 Ti-6Al-
4V 5 MR B B RY FE S R PR R AT F, =
24kN W JJ b R =0. 1 FE R ¥ =0. 34 544
T A A SR R R 28N A 5 Ay B ik
Xof HE 2 M 1 42 45 R R A T S 0 AR A N S S A
Fam W, 25 e 11 AR 12 Bk, B EBOR
T DX A s RS N I A S o, o)
i BB 12 SR T H2 il X A1 8 0 2L 77
AT TG . T, 0 R A A M AR AR E T A%
P B 2B A% 7 i dre /DL A T A X 2%
LV Sk ) b 4 ) A7 ' 5 8 R AR 3 2 5 4 11 S 4L
B2 9.1 x10°,

RS ST UL T W INOE 3291 i
BB, A SCE B 16 kKN 18 kN 19 kN 20 kN 22 kN |
24 kN iX 6 A~ e KPR A B, 720 Syt R =0. 1
FIEESE R B n =0. 34 1EBL T, JF Ji 08 J2 A o B2 45
¥ B0 WK% 75 A o3 A R AE R 2 R

0 75.1486 T 221.246 294.994
acq/MPa 36.8743 110.623 184.372°  258.12 T 331,860

B SER0%J) o, AEEMX A = E

Fig. 11 Contour of equivalent stress o, at contact region

B 12 BB AR N, T ik X = R
Fig. 12 Contour of crack nucleation life N, at
contact region
R2 FRABETHRIBZFFINER
Table 2 Analysis results of crack nucleation

life at different loads

IR AT /KN HBURN 5 fi
16 2028490
18 920752
19 512825
20 374895
22 172616
24 91184

3.2 WMHEFHRATEEGHW

T Bh % 597 L 80 e 73 A 4y B, 25 R 2
EAVIE T TR NS N i S R R
AR (DL 4 (b)) THR R LY R Har. PR
{4 VL g 5 8 DR 9k L3 1 b ], P ok 2R
PR A BROTZe stk 73 B o A HT BT I, 7E 2 A
P 75 A WO 3 BT v, T R S IR 2B R
RN N W& TR GEEE N A L
Golden 25" i 5¢ & B, 4 ¥ #h 2 80 K /N F
100 pm B, 90 G5 24 40 (19 1 B8 X o 241 H 530 10 S A
S AL /IN T HL 36 [ 28 22 % sh ML 45 4 o #8 ME RE
(ENSIP) 45 T HCF 315 Ti-6A1-4V k& & ¢
REFTRFH 1 0 45 4 80 18 S5 N 50 ~ 100 wm,
b, Garcia I Grandt[zo]ﬁﬁwu%m%ﬁ(éﬁ‘z\ Ti-
6 AL-4V S50 {1 i g i 45 3 1l R B, MM B R
F 10 pm i, i sh e E B E H TRMEEY R,
L5 L RTIHR  FEME S HE S5 M B I 97 ALY R AT R
BB AL P, W) s LK BE B 50 pum, J5 (6] 3 B
TRl F T ; R ZERKE R K 10 mm (5 Golden
SRR " IE K 280K B O 10 mm X
1) 73 a1 R i sh 9% 57 HAY R T N, o

Gy AT A R L ANSYS 7 A B ot K
PR P 46 5 1) Fortran 8P SCELAY , M8y 2
KA 50 pm, H Ly E 10 mm B 343k 200 A4



1896 G| AN T Nl N = 4

o EE

T FRIP AT LA A Sl A5 00 28 B0 A 45 5 10 B0 48 A 4
PEF Y RAT R, BN B0 e s sy
Ffr. B, iR KB ar F,, =24 kN i /)
FER=0.1 FEHE R K =0.34 00T, % 4(b)
JIT 7R (14 3HE S A0 14 2 205 A A B 0 AR Y 308 £ 451 15
S0, B 13 R T RS0 R B AR Y T 45 5 S
WaER, B 4G TRy M 0 SRaKE
a WXF I 56 &R B 15 BoR T M8y R % da/
AN, 5GP o TR R

3 I T b B I A A S G 4t SR A A (A
PGS ST DL B, A SCHR 1 Bk sh 9 9 ey e
£ R WO 7 2 LA A g RS B, T 5 52 96

(2) LR

(OFEELES
B 13 HESK RO R AR 5046 5 B E

Fig. 13 Experimental and numerical results of crack

propagation path for dovetail

35

30

25

20

0/(°)

0 2 4 6 8 10
a/mm

Bl 14 By R A 5 REUK B A R &R
Fig. 14  Crack kink angle versus crack length

M ]
= 2020 4
12
1ot
&
© 8f
o
£ 6
=
= 4l
S5
21
0 2 4 6 8 10

a/mm

1S AL R B B R T B

Fig. 15 Crack growth rate versus crack length
Fyy 180, M 14 R G BL R AR 0 S REK
B a R T, 15 SO N B, B T
TR T 1077 1614 | M S A 5
1A (1 30° 578 Wi /D , 24 % 50K JE 3 6 mm
i B R A 180 RS L, M 15 8
TR BLY TR da/dN, HREKE o X R
2o T, 76 S S0 /N B, B0 R U B
B RN, B T R K

BT AR RN RGT F,, 5 SR F
R 5% M), S S 16 B 16 kN, 18 kN, 19 kN, 20 kN,
22 kN 24 kN 3 6 /-4 i 8 6 (1, 46 17 7 1
R =0.1 FUEE R M w =0. 34 100 F T AR 1
e S B Sy TR A A ST . T 16 R T A
KB o BERLECT TR A N, (075 L2k A5 R A
K = 10 mm A BLE0R S - Ay N, T4
FIFF 3, b TN F,, =16 kN BH 545
S TR i, AR K T 107 10 7 B
H 107,

W 3 TG0, KR AR F X A M i
HE 2 BB 9 95 B0 TR A A B B IR T
F.. =16 kN B # % ik 5] 6 B @ DA Sh, P Wk
I8 KN I3 24 kN, LY IR 7 WA 1 A8
Rt

101

a/mm
F, =18kN

1.0
N /10°
P

2.0

K16 LY A 5 R LUK A X R

Fig. 16  Crack propagation life versus crack length



510 Hy

WA T, A L TR M R A ) BB 57 A T A TR U vk

A AL AR

M
T 507

He ZEBURHE 7 (V) 5 280 e A5 4w (N,)
HINAS B sl 0% 57 4= 75w (N,) , I JHe FE M 3 4
S5 K TP 55 4% 75 i LA A3 i o3 1O i 7 SO0 B0l
T 25 R R 92 5 4 R AT LA, I 1T FR

®3 TRABHTHRETREGIMER

Table 3 Analysis result of crack propagation

life at different loads

e KA A B A / kN HOY e # Ay
16 107
18 1589 605
19 781162
20 625667
22 363 834
24 231415

108

107 F

LA EE
S

105 <
2SI nea
e A . R
10 10° 10° 107 108

LTFhr A
17 5 UL S SE R a1
Fig. 17  Predicted total life compared to experimental life
N 17 s, 7S SO H B 08 e R 322 4 45 ) Bl
% 55 42 A5 g T 7 12 B AT BCAF I IUIRS B
By 5 4 7 i U P S B R AY 2 A5 2 B N

4 & £

1) ARSCUIRE & Ti-6A14V e FEME 14 1245 1
), B Y — il T A A A A s % 05 42 55 A
UM T7 3k , T2 S S AL % 2 4540 Bl sh i 55 77
i T o A 4 R S HE

2) BBl 57 4 A7 fiw B 7 1k A 4% R BOR
5 i o3 T M BB R 5 i o B 2 384y, %07 I T
) 20T A 0 B R R AR S 5T T
i 5 SR A RAAT , BA BT AR .

3) AEAHIRSL F7 L A0 BE 45 AR B DL T, de KA
i 288 A F 26 2 M 3 2 45 A T BN O Y R SO AR
i BEELYT R A7 A A I R fe A A A
18 kN A2 {5 24 kN I, B8l 3% 55 B A7 fin A
FEATHERREAR T 1 AR

2% 3 Hk (References)

[ 1] WATERHOUSE R B. Fretting fatigue [ M ]. London: Applied

Science Publishers Lid. ,1981.

[ 2] NOWELL D,DINI D,HILLS D A. Recent developments in the
understanding of fretting fatigue[ J |. Engineering Fracture Me-
chanies ,2006,73(2) :207-222.

[ 3] AUMmioR, Egk, 25 BUR, 5. Ti-6A1-4V i 2 M 45 1 13 3 %

55 B A R YT AT N OE S [ )] A EALB T, 2015, 26
(24) :3386-3390.
YU S R,WANG J L,LI S X, et al. Study on the initiation and
propagation of fretting fatigue crack on the Ti-6Al-4V alloy
dovetail joint [ J]. China Mechanical Engineering, 2015, 26
(24) :3386-3390 (in Chinese).

[ 4] GOLDEN P J, NICHOLAS T. The effect of angle on dovetail
fretting experiments in Ti-6A14V [ J]. Fatigue & Fracture of
Engineering Materials & Structures, 2005, 28 ( 12 ) . 1169-
1175.

[ 5] GOLDEN P J. Development of a dovetail fretting fatigue fixture
for turbine engine materials [ J]. International Journal of Fa-
tigue ,2009,31(4) :620-628.

[ 6 ] GOLDEN P J, CALCATERRA J R. A fracture mechanics life
prediction methodology applied to dovetail fretting[ J]. Tribolo-
gy International ,2006,39(10) :1172-1180.

[7] SHIL,WEID S,WANG Y R,et al. An investigation of fretting
fatigue in a circular arc dovetail assembly [ J ]. International
Journal of Fatigue,2016,82(2) :226-237.

[ 8 ] MANGARDICH D,ABRARI F,FAWAZ Z. A fracture mechan-
ics based approach for the fretting fatigue of aircraft engine fan
dovetail attachments [ J ]. International Journal of Fatigue,
2019,129(12) :105213.

[9] WEIDS,WANG Y R. Analysis of fretting fatigue life of dove-
tail assemblies based on fracture mechanics method[ J]. Engi-
neering Failure Analysis,2012,25:144-155.

[10] WEID S,SHI L,WANG Y R. Cyclic plastic behavior of dove-
tail under fretting load [ J]. Engincering Failure Analysis,
2015,55.:100-114.

(VL] A U TR BV . M 4 5 M B 9 05 e i IE S [0 ]
iz 8h J124R ,2014 ,29(1) :104-110.

SHI W,WEN W D,CUI H T. Research on fretting fatigue life of
dovetail joints[ J]. Journal of Aerospace Power,2014,29 (1) .
104-110(in Chinese) .

[12] HU C,WEID S,WANG Y R, et al Experimental and numerical
study of fretting fatigue in dovetail assembly using a total life
prediction model[ J ]. Engineering Fracture Mechanics, 2019,
205:301-318.

[13] GALLAGHER J P,VAN STONE R H,DELANEUVILLE R E.
Improved high-cycle fatigue (HCF) life prediction; AFRL-ML-
WP-TR-2001-4159[ R ]. Dayton; Universal Technology Corpo-
ration ,2001.

[14] GALLAGHER J P,NICHOLAS T,GUNDERSON A, et al. Ad-
vanced high cycle fatigue ( HCF) life assurance; AFRL-ML-
WP-TR-2005-4102[ R ]. Dayton; Universal Technology Corpo-
ration,2004.

[15] GARCIA D B,GRANDT A F. Application of a total life predic-
tion model for fretting fatigue in Ti-6A1-4V [ J]. International
Journal of Fatigue,2007,29(7) :1311-1318.

[16] GOLDEN P J,GRANDT A F. Fracture mechanics based fretting



AL ALF R

M ]

1898 db om0 E M R K ¥ ¥ R 2020 4
fatigue life predictions in Ti-6Al1-4V [ ]J]. Engineering Fracture WEI D S,WANG Y R. On the high stress gradient and failure
Mechanics 2004 ,71 (15) ;2229-2243. analysis of dovetail attachments[ J]. Journal of Beijing Univer-

[17] MURTHY H,RAJEEV P T,FARRIS T N, et al. Fretting fatigue sity of Aeronautics and Astronautics,2010,36(10) :1184-1188
of Ti-6A14V subjected to blade/disk contact loading[ C] // (in Chinese).
50th Anniversary of Japan Society of Materials Science,2001 ; [20] GARCIA D B,GRANDT A F. Fractographic characteristics as-
41-48. sociated with fretting fatigue cracks in turbomachinery alloys:

(18] EdWl, N, Be. 56 B 280§ R A2 A0 0L K 9% 55 ATAA-2003-1682[ R]. Reston: ATAA ,2003.

Faw W [J]. MR B TR K % 2 iR, 2015,36 (8):

1086-1091. EER® -

WANG J M, LIU W, LV H T. Numerical simulation of crack BT W SR TR, EEMI S A kS
propagation path and fatigue life prediction for mixed mode Fa T 5 4R B AT SRk

cracks[ J]. Journal of Harbin Engineering University,2015,36

(8) :1086-1091 (in Chinese) . =F LW BT, EENIE T A MU AE B S R

(197 B, T HE 5. HE % 25 4 1Y w0 B 0 A6 B L m SR e [ 7] sl 2 RE RS B AR,
b B 25 5t K 22 H2,2010,36 (10) : 1184-1188.

A fretting fatigue total life prediction method for dovetail attachment
XU Kening', LI Wen" ", HUANG Yong’, YU Qingtao’, MA Guojia’, HU Wenying'

(1. Aero Engine Academy of China, Beijing 101304, China;
2. School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China;
3. AVIC Manufacturing Technology Institute, Beijing 100024, China)

Abstract . Fatigue life of aero-engine dovetail attachment can be significantly reduced by fretting damage.
Taking Ti-6Al-4V alloy aero-engine blade dovetail attachment as an example, a fretting fatigue total life pre-
diction method for complex structure is proposed. A fatigue damage parameter was defined as an Equivalent
Stress Parameter ( ESP) based on modified Manson-McKnight method and multiaxial fatigue theory. Crack ini-
tiation position and nucleation life were evaluated by ESP and multiaxial stresses obtained from Finite Element
Analysis (FEA). A numerical simulation method of fretting fatigue crack growth is proposed based on linear
elastic fracture mechanics and maximum hoop stress criterion. From the simulated crack growth results, the
function relationship between fretting fatigue propagation life and crack length was established, and the fretting
fatigue propagation life was determined by the crack length at failure. The results show that the crack growth
trajectory predicted by the simulation correlates well with that in a tested Ti-6A1-4V dovetail component—both
have a crack kink angle of 18°. The estimated fretting fatigue total life ( nucleation + propagation) of a dove-
tail under different fretting conditions by using the proposed numerical method matches well with test results,
as the predicted total life is within 2 times of error range. Maximum tensile load has significant influence on
crack nucleation and propagation life, and under the same stress ratio, the fretting fatigue total life of the Ti-
6A1-4V dovetail attachment reduces one order of magnitude as the maximum tensile load increases from 18 kN
to 24 kN.
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Flutter active control method of time-varying delayed
aerofoil with free-play nonlinearity

NIE Xueyuan, ZHENG Guannan® , YANG Guowei

(Key Laboratory for Mechanics in Fluid Solid Coupling Systems of Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Nowadays the studies on flutter active control methods considering time delays have been fo-
cused on constant time delay in one control channel. However, the time delays in a control loop are maybe
time-varying and exist in the forward channel, feedback channel or both. As a result, the control method that
can compensate time delay influences was developed and used to realize the flutter control of uncertain time
delay for two channels. The trick where “time-stamped” flag was added in the data transferred was proposed.
The state predictor with the ability to compensate for the time delays in feedback channel was reconstructed to
predict the controlled plant states. The predictive controller using state feedback in a state space form was de-
signed to compensate the delays in the forward channel. Then the stability of the closed-loop control system
was analyzed with the above mentioned control strategy. The airfoil with free-play nonlinearity was used in the
simulation. Then the flutter active control schemes for controlled system with variable time delays in both for-
ward and feedback channels were investigated. Finally, the effects of time delay size in different channels on
flutter control were discussed. The simulation results show that the developed method can suppress the flutter
effectively with different time delay in both channels and improve the system stability. From a control point of
view, the time delay in the feedback channel may have more influence on the control result when the control
method based on the system state feedback is used.

Keywords . flutter suppression; free-play nonlinearity; time delay control system; state observation;

time-varying delay
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Table 1 Input conditions of simulation

75 ZH Bl

1 ry/m [5,10,100]"

2 ro/(m-s™") [0,0,-0.1]"

3 ry/m [0,0,20]"

4 q,0/(°) [0.130, -0.086, -0.011]"

5 q,4/(%) [0,0,0]"
[2249.4, —44.4,-8.9;

6 J./ (kg - m?) —44.4,11487.4,1.6;

-8.9,1.6,11201.3]

7 J/(kg+m?) [150,0,0;0,180,0;0,0,210]

8 m/kg 1278.3

9 w/((°) +s7h) 0.067

10 Ry/m 6.772517893 194875 x 10°

11 p/m 6.772560943 093 867 x 10°

A TR = T R R g b b T
O, BT VAT B P AN 5 T B AR A 25 il A K H T
ST R AR, WAL SE HE VB 5 R (4 B
NI RELRN F(200m, + Q) ,m, A HEAE0—
WM tER s, F oA R 284S 4K 5 B8 P B4R iy B vk
A ZBELF =[1.011,2.002,35. 331,35. 635,
19.504, -0.006]",¢ M FHJE &%, B 0. 005,40,
RS BB 2, =0. 56,

RIS
K, = diag([0.02,0.02,0.02,0.5,0.5,0.5])
K, = diag([0.15,0.15,0.15,0.51,0.51,0.51])
L = diag([0.5,0.5,0.5,2000,10000,20000] )
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Fig.2 Curves of position disturbance estimation error
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Fig.3 Curves of tri-axial position tracking error
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Table 2 Input conditions of experiment

75 ZH HE

1 re/m [125,1,-2]"

2 Fo/(m+s™") [0,0,-0.1]"

3 ry/m [120,0,0]"

4 q,/(°%) [0.008877, -0.008572,0.017527]"
5 q,0/(°) [0,0,0]"

[2249.4, -44.4, -8.9;

6 J./ (kg - m®) —44.411487.4,1.6;
-8.9,1.6,11201.3]

7 J/ (kg - m*) [150,0,0;0,180,0;0,0,210]

8 m/kg 1278.3

9w /((°) rsTh) 0.067

10 Ry/m 6.772517893 194875 x 10°

11 p/m 6.772560943 093 867 x 10°
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Fig. 9  Curves of tri-axial position control
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ZHU R Z. Rendezvous and docking techniques of spacecraft S S SR

Nonlinear disturbance observer based control for relative
position and attitude coupled spacecraft

LIU Zengho'** , QIAO Jianzhong’, GUO Lei’, LIU Zongyu', FAN Songtao'

(1. Beijing Institute of Control Engineering, Beijing 100090, China;

2. School of Automation Science and Electrical Engineering, Beihang University, Beijing 100083, China)

Abstract; This paper studies the control problem of approaching and docking autonomously system inclu-
ding an on-orbit servicing spacecraft with flexible appendages and an out-of-control target considering the cou-
pled relative position and attitude dynamic. Choosing the relative position and the relative attitude quaternion
as the system state and considering the relative position and attitude coupled which is produced by the propul-
sion installation error, the relative position and attitude coupled dynamics model of the servicing spacecraft
with respect to the out-of-control target is established in the form of state equation. While considering the flexi-
ble appendages of servicing spacecraft, the vibration from flexible appendages is modeled as a derivative-
bounded disturbance to the position and attitude control system of the rigid body. Then a nonlinear feedback
control algorithm is proposed based on feedback linearization. Aimed at attenuating the modeled disturbance,
a disturbance-observer-based control is formulated for feed forward compensation of the elastic vibration. Then
a composite controller with a hierarchical architecture is designed by combining disturbance-observer-based
control and nonlinear feedback control, where disturbance-observer-based control is used to compensate the
disturbance from the flexible appendages. Numerical simulations and semi-physicd closed-loop experiments are
performed to demonstrate that by using the composite hierarchical control law, disturbances can be effectively
attenuated and the nonlinear feedback control law is robust with perfect tracking performance.

Keywords : non-cooperative rendezvous and docking; nonlinear feedback control; composite controller

with hierarchical architecture; disturbance observe; disturbance compensation
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A novel method for aviation safety prediction considering error uncertainty
REN Bo"* ", ZENG Hang', LIU Min’, WANG Fang’, CUI Lijie', CHEN Haoran'

(1. Equipment Management & UAV Engineering College, Air Force Engineering University, Xi’ an 710052, China;

2. Science and Technology on Electro-optic Control Laboratory, Luoyang 471000, China)

Abstract: Accurate aviation safety prediction is of great significance for preventing accidents. At present,
aviation safety prediction is mostly deterministic prediction, which ignores the influence of various uncertainties
on the prediction results. Based on the traditional deterministic prediction of aviation safety point, this paper
presents the prediction of aviation safety interval considering the uncertainty of error. First, through the de-
scription method of nonparametric uncertainties, aviation safety prediction error probability density function is
derived. Then, the highest density domain method is applied for the most likely future value interval under a
certain reliability of aviation safety, and quantitative uncertainty factors cause changes in the aviation safety
prediction results. This method aims at determining that the area contains aviation safety forecast reliability,
and better understanding the uncertainty and risk of those being predicted in the future change. Taking avia-
tion safety data of civil aviation of an airline from 1994 to 2015 as an example, we predict the aviation safety
using aviation safety interval prediction. The results show that the proposed method can provide aviation safety
prediction curve and more accurate variation range of uncertainty, which is more conducive to modeling uncer-
tainty of aviation safety and explaining the possibility level of aviation safety prediction results, which can pro-
vide theoretical basis for aviation safety early warning and management.
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Stochastic unit cell model for predicting elastic
modulus of nanoporous copper
JI Yu, XING Yufeng” , SHAO Lihua

(Institute of Solid Mechanics, Beihang University, Beijing 100083, China)

Abstract: The elastic moduli of nanoporous copper measured through experiment are much lower than the
simulated results from molecular dynamics. And the size of actual ligaments is larger than that used in simula-
tion. In this paper, a stochastic unit cell model of nanoporous material is established in software ABAQUS
through Python platform. Homogenized elastic parameter was calculated by multiscale homogenization method
based on thermal-stress analogy method. First, the elastic modulus of nanoporous gold was predicted by the
present unit cell model and compared with the experimental results. The high agreement indicates the effec-
tiveness of the present model. Second, the model was applied to predicting the homogenization elastic modulus
of the nanoporous copper under different volume fractions. The threshold phenomenon of the change of the
homogenization elastic modulus of the nanoporous copper with volume fractions was revealed and the mecha-
nism of this phenomenon was interpreted physically. Finally, the influencing factors resulting in the difference
between the predicted results and the experimental data were analyzed.
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Fault-tolerant synchronization control for a dual redundant electro-hydraulic
actuator system based on velocity estimation
LI Ting, WANG Xinmin*, YANG Ting, CAO Yuyan, XIE Rong

(School of Automation, Northwestern Polytechnical University, Xi’ an 710129, China)

Abstract. Considering the fact that the piston velocity measurements of electro-hydraulic actuators are not
available in practice, a fault-tolerant synchronization control strategy based on piston velocity estimation is pro-
posed to deal with the positon tracking problem for a Dual Redundant Electro-Hydraulic Actuator System
(DREHAS) suffering from Internal Leakage Common-Mode Fault (IL-CMF) and disturbances. First, by in-
troducing two groups of reference trajectory and a linear transformation of the system states,the decoupling of
the control surface position tracking and the two actuators output force synchronization control is realized. Sec-
ond, an Adaptive Extended State Observer (AESO) is designed to estimate the piston rod velocities and dis-
turbances of the two-channel actuators, which overcomes the inaccuracy of the estimation results of Extended
State Observer ( ESO) under fault condition. Finally, based on the state estimation and the online adaptation
of faulty parameters, a nonlinear fault-tolerant synchronization controller is developed by employing backstep-
ping method. Lyapunov stability analysis indicates that the proposed scheme can ensure that all the signals of
the closed-loop system are bounded and the system can achieve a prescribed tracking performance under IL-
CMF and time-varying disturbances. Moreover, the system tracking error converges to zero asymptotically in
the present of IL-CMF and constant disturbances. A simulation experiment validates that the proposed control
scheme is effective.

Keywords: Dual Redundant Electro-Hydraulic Actuator System ( DREHAS) ; fault-tolerant control; syn-
chronization control; Adaptive Extended State Observer (AESO) ; Common-Mode Fault ( CMF)
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Table 1 Zero-failure data of hydraulic motor'"*

R R U R RIS ¢ /b R HEALL n,
1 145 2
2 270 1
3 369 3
4 720 5
5 1080 4
6 1230 3
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Table 2 Calculation results of failure rate estimation 10°°
&S s =50 s =200 s =800 s=1200 s =2000 s =3000 s =4000 s =6000 &Y &S

XER, 3.7588 3.7378 3.6568 3.6053 3.5079 3.3953 3.2918 3.1073 0.6515
Appa (0) 2.8850 2.8726 2.8244 2.7934 2.7341 2.6644 2.5992 2.4805 0.4045
Agpa (1) 8.6550 8.6178 8.4731 8.3802 8.2022 7.9932 7.7976 7.4414 1.2136
A (2) 14.425 14.363 14.122 13.967 13.670 13.322 12.996 12.402 2.023
A (3) 20.195 20.108 19.771 19.554 19.138 18.651 18.194 17.363 2.832
Aem 8.6550 8.6178 8.4732 8.3802 8.2021 7.9932 7.7976 7.4413 1.2137
AT 4.8987 4.8739 4.7781 4.7169 4.6008 4.4657 4.3408 4.1163 0.7824
Aes 6.2915 6.2596 6.1361 6.0573 5.9077 5.7338 5.5729 5.2841 1.0074
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Table 3 Estimated values on reliability with three different types

HES:S s =50 s =200 s =800 s =1200 s =2000 s =3000 s =4000 s=6000  RJHEFEEHL 22
I%Fm (200) 0.9925 0.9926 0.9927 0.9928 0.9930 0.9932 0.9934 0.9938 0.0013
kFB(ZOO) 0.9832 0.9833 0.9836 0.9839 0.9843 0.9847 0.9851 0.9859 0.0027
R’ (200) 0.9903 0.9903 0.9905 0.9906 0.9908 0.9911 0.9914 0.9918 0.0015
kmu (400) 0.9851 0.9852 0.9855 0.9857 0.9861 0.9865 0.9869 0.9876 0.0025
km(400) 0.9667 0.9669 0.9675 0.9680 0.9688 0.9697 0.9705 0.9720 0.0051
1}*(400) 0.9806 0.9807 0.9811 0.9813 0.9818 0.9823 0.9828 0.9837 0.003 1
I%RRI (600) 0.9777 0.9778 0.9783 0.9786 0.9792 0.9798 0.9804 0.9815 0.0038
]hem(éoo) 0.9505 0.9508 0.9517 0.9523 0.9535 0.9548 0.9561 0.9583 0.0078
I%*(600) 0.9710 0.9712 0.9717 0.9721 0.9728 0.9736 0.9743 0.9756 0.004 6
kum (800) 0.9704 0.9705 0.9712 0.9716 0.9723 0.9732 0.9740 0.9754 0.0050
kEB(SOO) 0.9416 0.9419 0.9432 0.9439 0.9454 0.9471 0.9487 0.9515 0.0099
1%* (800) 0.9616 0.9618 0.9625 0.9630 0.9639 0.9649 0.9659 0.9676 0.0060
RFBI(IOOO) 0.963 1 0.9633 0.964 1 0.9646 0.9655 0.966 6 0.9676 0.9694 0.0063
I%FB(IOOO) 0.9276 0.9280 0.9295 0.9304 0.9322 0.9343 0.9363 0.9397 0.0121
jg* (1000) 0.9522 0.9524 0.9533 0.9539 0.9550 0.9563 0.9575 0.9597 0.0075
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Reliability analysis on one type of hydraulic motor in the case of
introducing failure
HU Wenlin, LYU Weimin "

( Coast Guard College, Naval Aviation University, Yantai 264001, China)

Abstract: To solve an aggressive problem of directly using zero-failure data to analyze the reliability of
the equipment, the data was comprehensively processed by introducing the failure information, and the relia-
bility parameters could be estimated more reasonably. Taking a certain type of missile hydraulic motor whose
life expectancy was exponentially distributed as an example, the Expected Bayes (E-Bayes) estimation of the
failure rate in the case of zero-failure data was proved when the prior distribution of the failure rate was the
Gamma distribution and the hyper-parameters were uniformly distributed. An improved method was proposed
to determine the censoring test time. By introducing the failure information, the comprehensive E-Bayes esti-
mation method of failure rate was derived, and the comprehensive estimation method of the reliability was giv-
en. For zero-failure data of the hydraulic motor, the comprehensive E-Bayes estimations of the failure rate and
reliability are calculated. Compared with the existing methods, the range between the two is reduced by
22.33% and 38.02% , respectively. The computation results indicate the reasonability and availability of the
proposed method.

Keywords ; reliability; zero-failure data; exponential distribution; Bayes estimation; comprehensive esti-
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Fig. 1 UAV real-time route planning mode
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UAV real-time route planning logical architecture in
complex threat environment
LIU Chang"?, XIE Wenjun"* , ZHANG Peng', GUO Qing', XIAO Zonghao'*, GAO Chao’
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2. Graduate College, Air Force Engineering University, Xi’an 710051, China;
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Abstract: Facing the battlefield environment with high confrontation and strong rejection, real-time route
planning is an important guarantee to ensure the Unmanned Aerial Vehicle (UAV) to complete combat mis-
sions and improve its survival probability. In order to enable UAV to choose the appropriate real-time route
planning mode when facing different levels of complex threat environment, a real-time route planning logic
structure of UAV based on fuzzy inference mechanism is proposed. Firstly, the real-time route planning mode
is classified. From the perspective of autonomy, the human-machine authority allocation levels are re-divided,
and the connection between the real-time route planning mode and the human-machine authority is estab-
lished. Secondly, aimed at the risk of “trust crisis” in typical Observation, Orientation, Decision, Action ( 00-
DA) control cycle, a real-time route planning architecture based on variable autonomy is constructed and its
logic is explained. Finally, the dynamic human-machine authority allocation of UAV system is realized by
using fuzzy inference mechanism, and the real-time route planning mode is determined by judging the man-ma-
chine permission assignment level. The simulation results show that the logic structure of real-time route plan-
ning is reasonable and the method of variable autonomy is effective. After comprehensive analysis, the deci-
sion-making results of real-time route planning mode also accord with the actual operational requirements.
Compared with the fuzzy comprehensive evaluation method, the proposed method has lower subjectivity, stron-
ger practicability and more convincing results.

Keywords: Unmanned Aerial Vehicle (UAV) ; real-time route planning; variable autonomy; fuzzy in-

ference; complex threat environment; human-machine authority
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Safety analysis and simulation verification of HWP in aerial refueling
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(1. Graduate College, Air Force Engineering University, Xi’an 710051, China;

2. Equipment Management and UAV Engineering College, Air Force Engineering University, Xi’ an 710051, China)

Abstract: For the hose aerial refueling system, the refueling hose is difficult to stabilize in a balance po-
sition due to interference of tanker wake, atmospheric turbulence, receiver bow wave, pilot operation, fuel
pressure pulsation, etc. Thus the Hose Whipping Phenomenon ( HWP) usually takes place in the docking
phase of aerial refueling, which could reduce the docking success rate and the safety of refueling, and it is a
typical hazard in aerial refueling process. Based on the System-Theoretic Accident Model and Processes
(STAMP) and the System Theoretic Process Analysis (STPA) method, the safety analysis of HWP in aerial
refueling process was carried out to systematically identify the unsafe action and causal scenes by constructing
the control model, and a series of operational constraints were proposed from system level, unsafe action level
and causing factors. According to the hazard function control structure of the HWP, the simulation verification
platform was built by Simulink. The key causes of docking speed, reel mechanism control, and hose design
length were inputted to verify the accuracy and feasibility of the proposed safety constraints.

Keywords: aerial refueling; Hose Whipping Phenomenon ( HWP) ; aviation safety; System-Theoretic
Accident Model and Processes (STAMP) theory; simulation verification
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Design of MSCSG control system based on ADRC and
RBF neural network
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Abstract: In order to overcome the influence of external disturbance mutation on the suspension stability
of magnetic suspension rotor and the output torque precision of Magnetic Suspension Control Sensitive Gyro
(MSCSG) , a MSCSG radial deflection control method based on the combination of Auto Disturbance Rejection
Controller (ADRC) and Radial Basis Function ( RBF) neural network is proposed. The influence of ADRC
parameters on the control effect of MSCSG is clarified. By optimizing the design of ADRC and combining RBF
neural network with ADRC, the real-time debugging of controller parameters can be realized so as to overcome
the impact of external disturbance mutation. It is proved by simulation that compared with single ADRC con-
trol, this method not only improves the accuracy of decoupling control, but also improves the response speed
and robustness of the system to external disturbances and parameter changes. It can be applied to the MSCSG
with high precision, fast response and strong robustness control.
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Table 1 Parameters of pulse sequence pattern

H b RF/MHz PRI/ ps PW/ s AOA/(°) PA/dB T,/ps T,/ s N

X, 9500 3 1.2 11 10 1.00 3072.00 1024
X, 9800 11.4 0.29 2 12 1340.20 2799.40 128
X, 9000 3.1 1.1 30 6 4510.00 6097.20 512
X, 1500 100 1.1 15 11 4670. 00 11070. 00 64
X, 10000 3 0.5 45 5 7910.00 9446.00 512
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Table 2 Character parameters of emitter
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Table 3 Situation parameters of target platform

Hi: P/kW G—(f/dB F./dB  [/dB (S/N),./dB  t./s
t

X, 12 40 4 6 [12,20] [60,90]
X, 12 40 4 6 [12,20] [60,90]
X, 13.5 45 3 4 [10,20] [60,90]
X, 50 48 2 7 [8,16] [90,120]
X; 15 50 3 6 [10,18] [50,80]

4,
Hir A (D) Ay (k)
R/km  o/(m-s™") h/m
X 3 80 285 6000 5
X, 3 50 290 5500 5
X, 4 120 250 7000 5
X, 2 400 0 0 2
X 6 150 0 0 8
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Table 4 Normalization decision matrix

B 4% R R, J P, P,/107° AR R, Av o c

X, 0.3036 0.0305 0.2785 0.3777 0.6683 0.5965 0.0069 0.2157 0.5690 0.4951
X, 0.8712 0.1026 0.6823 0.4811 0.3342 0.2485 0.0069 0.4103 0.5405 0.3836
X, 0.2236 0.0608 0.3523 0.4806 0.6115 0.5302 0.0070 0.4414 0.5812 0.5141
X, 0.2760 0.9920 0.4837 0.4071 0.2042 0.5320 0.2285 0.6566 0.108 1 0.3188
X 0.1452 0.0296 0.3143 0.4787 0.1614 0.1425 0.9735 0.3989 0.1859 0.4916
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Table 5 Combinational index weights obtained by

using game theory

fEbRZ X AHP JEACE AGEALE GT #LH
C, 0.0713 0.0809 0.0748
C, 0.0713 0.3362 0.1685
C, 0.0829 0.0212 0.0603
C, 0.1179 0.0019 0.0754
Cs 0.1179 0.0513 0.0935
Cs 0.0862 0.0407 0.0695
C, 0.0862 0.3826 0.1949
Cy 0.1328 0.0208 0.0917
Cy 0.1328 0.0585 0.1055
Cyo 0.1008 0.0058 0.0660
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Table 6 Weighted normalization decision matrix

A R R, L Py P,/107° AR Ry Av Vinan c

X, 0.0229 0.0051 0.0168 0.0285 0.0625 0.0415 0.0013 0.0198 0.0600 0.0327
X, 0.0653 0.0173 0.0411 0.0363 0.0312 0.0173 0.0013 0.0376 0.0570 0.0253
X5 0.0167 0.0102 0.0212 0.0362 0.0572 0.0368 0.0014 0.0405 0.0613 0.0339
X, 0.0206 0.1672 0.0292 0.0307 0.0191 0.0370 0.0445 0.0602 0.0114 0.0210
X 0.0109 0.0050 0.0190 0.0361 0.0151 0.0099 0.1897 0.0366 0.0196 0.0324

RT REBXBERBERE
Table 7 Grey relational coefficient matrix

H b5 R R, Ry P, Py/107° AR R, Av Vias ¢

X, 0.5719 0.9982 0.6993 0.9792 1 0.6414 1 1 0.5377 0.9792
X, 0.9964 0.8212 1 0.8773 0.6306 0.8842 1 0.7604 0.5534 0.8679
X, 0.5291 0.9157 0.7395 0.8828 0.9157 0.6775 0.9982 0.7319 0.5311 1

X, 0.5589 0.2585 0.8261 0.9292 0.5795 0.6759 0.5667 0.5831 1 0.8141
X 0.5096 1 0.7189 0.8926 0.5438 1 0.2307 0.7708 0.8733 0.9741
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Table 8 Threat assessment results of different

weighting methods

R AL % WA i iR e
BAS aixt e A HE X
WL Z5R WOEE 4R WD 4R
X, 0.3532 3 0.3652 2 0.6148 2
X, 0.6814 1 0.9305 1 0.6287 1
X; 0.3315 4 0.3040 3 0.5680 3
X, 0.3175 5 0.1335 5 0.3313 5
Xs 0.3654 2 0.2677 4 0.4588 4
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GRA-TOPSIS emitter threat assessment method based on game theory
DONG Pengyu, WANG Hongwei* , CHEN You

(Aeronautics Engineering College, Air Force Engineering University, Xi’an 710038, China)

Abstract; When the radiation source threat assessment is handled as a multi-attribute decision problem,
the scouting party cannot obtain all the information of the enemy radiation source, the method of Technique for
Order Preference by Similarity to an Ideal Solution ( TOPSIS) is hard to get perfect results in dealing with
“poor information” , and it only considers the Euclidean distance between the indicators and cannot reflect the
correlation between different indicators. Aimed at the problems of TOPSIS method, a radiation source threat
assessment model based on game theory is proposed by combining Grey Relational Analysis (GRA) and TOP-
SIS method. On the basis of constructing the comprehensive evaluation index system of radiation source tar-
gets, Game Theory (GT) idea is used to combine the subjective weights of Interval Analytic Hierarchy Process
(TAHP) and the objective weights obtained by information entropy to obtain comprehensive weights, which
can greatly reduce the information loss caused by the weight alone. Based on the GRA-TOPSIS radiation
source threat assessment model, a decision information system for battlefield situation is constructed. By com-
paring with the traditional TOPSIS method, the effectiveness of the proposed method is verified, which is help-
ful for sorting radiation sources more precisely and accurately.

Keywords: Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) ; Grey Relation-
al Analysis ( GRA); Game Theory ( GT); emitter threat evaluation; Interval Analytic Hierarchy Process

(IAHP) ; information entropy; comprehensive weights
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An improved 2D-TLS-ESPRIT algorithm of GTD
model parameter estimation
ZHENG Shuyu', ZHANG Xiaokuan®* |, GUO Yiduo’, ZONG Binfeng’, XU Jiahua'

(1. Graduate School, Air Force Engineering University, Xi’an 710051, China;
2. Air and Missile Defense College, Air Force Engineering University, Xi’ an 710051, China)

Abstract: The parameter estimation and noise robustness ability of classical Two-Dimensional Total-
Least-Square Estimating Signal Parameter via Rotational Invariance Techniques (2D-TLS-ESPRIT) algorithm
are not effective when extracting parameters of the two-dimensional Geometric Theory of Diffraction ( GTD)
model. To solve this problem, an improved 2D-TLS-ESPRIT algorithm is proposed in this paper. Firstly, po-
larization scattering matrix is added into the two-dimensional GTD model and hence the full-polarization scat-
tering center model can be obtained. Secondly, the covariance matrix of the original echo matrix can be
achieved by constructing a permutation matrix. The length of electromagnetic scattering data can be added by
combing these two matrices. Finally, the simulation results prove that parameter estimation performance and
noise robustness ability of the improved algorithm are better than those of the same kind of algorithms. The Ra-
dar Cross Section (RCS) extrapolation results also validate the superiority of the improved algorithm in param-
eter estimation performance.

Keywords; parameter estimation; Geometric Theory of Diffraction ( GTD) scattering center model; po-

larization scattering matrix; Radar Cross Section (RCS) extrapolation; permutation matrix
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Multi-efficiency optimization method of jamming resource
based on multi-objective grey wolf optimizer
XING Huaixi, WU Hua, CHEN You" , ZHANG Xiang

( Aeronautics Engineering College, Air Force Engineering University, Xi’an 710038, China)

Abstract: Traditional jamming resource decision-making methods that rely on empirical decisions or sim-
ple template matching are difficult to adapt to the current complex electromagnetic environment. This paper fo-
cuses on the intelligent requirements of radar jamming resource decision-making. The jamming resource sched-
uling is modeled as a multi-objective optimization problem, and the jamming resource scheduling model is es-
tablished with the objective functions of maximizing the overall jamming efficiency, minimizing the total jam-
ming power, and minimizing the battle loss. A Multi-Objective Grey Wolf Optimizer (MOGWO) is used to
solve the Pareto front of the problem model. The optimal solution set is used instead of the optimal solution,
and then the optimal scheduling scheme is selected according to the actual situation of the battlefield to make
the decision scheme more scientific and reasonable. The experimental results show that the MOGWO algorithm
can overcome the shortcomings of the basic Grey Wolf Optimizer (GWO) , such as lack of exploration compe-
tence and local convergence, and has higher search efficiency. The optimization ability and stability of the al-
gorithm are better than those of the NSGA-]I algorithm and the MOPSO algorithm.

Keywords: jamming resource; Multi-Objective Grey Wolf Optimizer (MOGWO ) ; multi-objective opti-

mization ; minimizing the battle loss; jamming efficiency
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