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Solving catenary problem using function transfer method
MA Yanhong'*** | SHI Chenglong' , HONG Jie'?, LI Chao'

(1. School of Energy and Power Engineering, Beihang University, Beijing 100083, China;
2. Collaborative Innovation Center of Advanced Aero-Engine, Beijing 100083, China)

Abstract. Catenary problem is a kind of classical and changeable mechanical problem, whose curve con-
figuration guides the structural design of engineering applications such as bridge. In order to obtain the deform-
ation of catenary with different structural or load characteristics, a general method based on transfer matrix
method is proposed. The catenary mechanics model is extracted, and the catenary is divided sequentially into
several simple elements. The characteristic function group of element state parameters is obtained by combi-
ning element force balance and constitutive-geometry relationship. The whole characteristic function group is
obtained by nesting element characteristic function group sequentially. Then the discrete Newton iterative
method is used to solve the equations of nonlinear whole characteristic function group, and finally the forces
and deformation of catenary are obtained. An example showed that the results were consistent with the analyti-
cal solution. The function transfer method is applicable to the catenary problems with complex structural char-
acteristics and load characteristics, and also applicable to solving the generalized deformation of other structur-
al systems which can be divided into several head-to-tail structural elements.

Keywords: function transfer method ; transfer matrix method; catenary; Newton iterative method ; gener-

alized deformation
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Sea surface height inversion of GPS reflected signal based on
TechDemoSat-1 satellite
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(1. College of Information Technology, Shanghai Ocean University, Shanghai 201306, China;
2. Shanghai Aerospace Electronic Technology Institute, Shanghai 201109, China)

Abstract: The problems of using GPS-Reflectometry ( GPS-R) measured data to establish satellite-borne
sea surface height inversion model are studied and its validity is verified. The data of TechDemoSat-1 ( TDS-
1) and the retrieval technique of Delay-Doppler Map ( DDM) were used to analyze the errors in the retrieval of
satellite-borne GPS-R sea surface height, and the error models were established. The satellite-borne GPS-R
sea surface height inversion model was optimized. Meanwhile, the DTU15 global mean sea surface and sea
tide model was adopted to verify the inversion accuracy. The results show that the Mean Absolute Deviation
(MAD) of the global sea surface height inversion results obtained by the optimized inversion model is
6.05 meters, and the accuracy is improved by about 29% , effectively improving the accuracy of SST inver-
sion. The research results have certain significance for promoting the application of spaceborne GNSS-Reflecto-
metry ( GNSS-R) in sea surface height inversion.
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Image inpainting method based on incomplete image
samples in generative adversarial network

LI Haiyan', HUANG Hefu', GUO Lei"* , LI Haijiang’, CHEN Jianhua', LI Hongsong'

(1. School of Information Science and Engneering, Yunnan University, Kunming 650000, China;

2. Yunnan Communications Investment and Construction Group Co. , Ltd. , Kunming 650000, China)

Abstract; A model of Double Generator Deep Convolutional Generative Adversarial Network ( DGD-
CGAN) , which uses the incomplete or noisy sample image as the training set, is proposed,in order to solve
the problem of serious distortion of large area image inpainting, complete and high-quality training samples are
frequently required, which is hard to acquire. Furthermore, the convergence of single generator is slow.
Therefore, two generators and a discriminator are constructed. The incomplete image training set is used to
cross calculate and search the image information similar to the loss area as the sample of training generation
model, which achieves faster convergence speed. The loss function of the discriminator is improved to be the
Wasserstein distance of the output. The adaptive estimation algorithm is used to optimize the model parameters
for generating network loss function and identifying network loss function. Finally, the distance difference be-
tween two sets of images is calculated, and the reconstructed image is optimized by discriminating model and
minimizing mean square error of the total distance change of a group of repaired images. Experiments are per-
formed on four public dataset, the subjective and objective experimental results show that the proposed method
that uses incomplete samples as training data can restore large area of distortion in images with faster conver-
gence speed and better performance compared with the existing methods in image inpainting.

Keywords: image inpainting; incomplete image samples; deep convolutional generative adversarial net-

work ; Wasserstein distance; mean square error of total distance change
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Table 1 Calculated mean of three fruit fly optimization

algorithms
P AR A SR IR B Y QP
ik RN SRR
x, 7.167 8 -0.999 4 -0.999 9
x, 0.427 1 -0.998 8 -0.999 7
%3 0.059 3 -0.997 5 -0.999 4
f(x) 40.427 6.17 x10~* 3.70 x10 7

x2 =ZMRBANKEETEGINHARRE
Table 2 Calculated root mean square error of three

fruit fly optimization algorithms

- F g Ak LSRRI LSRR
Bk (R A=RES MR

X, 8.437 9 7.00 x10 ~* 2.71 x10~*

%y 1.428 4 1.41 x10 72 5.40 x 10 ~*

x5 1.059 3 2.86 x 10 72 1.10 x10°?

f(x) 52.055 1.10 x 10 73 1.87 x10°°
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Table 3 Calibration results and calibration errors of three optimization algorithms for parameters of accelerometer

o . Ak ARk PSO 573 IFOA
bR SR HAH - — — — — -
o (5 AH TR 22/ % FrE HHXTIR 2/ % b€ (H AR 22/ %
20 Sy 4.587 40 x 10° 4.587 39 x10° -0.0002  4.587 40 x10° 0 4.587 40 x 10° 0
A
; R 4.562 80 x 10° 4.562 80 x10° 0 4.562 80 x 10° 0 4.562 80 x 10° 0
N 4.528 40 x 10° 4.528 40 x 10° 0 4.528 40 x 10° 0 4.528 40 x 10° 0
- Yy, =7.15394x10°*  -7.25445x107* 1.4050 -7.15388x10"* -0.0008 -7.15335x10"* —0.008 2
LA
2 v 1.032 88 x10 3 1.026 89 x10°° -0.5799  1.03289x10"*  0.0010 1.03285x10°° -0.0029
T 3
~ Vo 1.405 49 x10 73 1.410 14 x10 73 0.3308 1.405 48 x10~* -0.000 7 1.405 51 x10 73 0.001 4
by —4.274 80 x 10° -4.276 02 x 10° 0.0285 -4.27479x10°> -0.0002 -4.274 81 x10° 0.000 2
Efw by -2.35420 x10* -2.354 31 x 10* 0.004 7 -2.354 20 x 10* 0 —2.354 20 x 10* 0
b  —4.478 20 x 10° —4.475 34 x 10° -0.0639 —-4.478 21 x10° 0.0002 -4.478 14 x10° -0.001 3
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Table 4 Average calibration time and success rate of

three optimization algorithms

efb ik 5 T 1955 47 6 ] /s FiE I %/ %
RER/N, R B TEMEN K, L F ik P X 3 8.36 70
R, W TE 22 25 10 25 T A S BUbr 2 J7 T R 1 PSO %3 12.56 66

BT T 1 ~3 AR, IFOA 7.09 100
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Calibration of MEMS accelerometer without turntable based on IFOA
DAT Hongde " , ZHENG Weiwei, ZHENG Baidong, DAI Shaowu, WANG Rui

(Naval Aviation University, Yantai 264001, China)

Abstract: In order to improve the calibration efficiency of Micro-Electro-Mechanical System ( MEMS)
accelerometers and reduce the dependence on high-precision turntables, a MEMS accelerometer calibration
method based on Improved Fruit Fly Optimization Algorithm (IFOA ) without turntables is proposed. The
method first converts the accelerometer calibration problem into a nonlinear function optimization problem ac-
cording to the principle of norm-observation. Afterwards, in view of the shortcomings of the classic FOA that
can only search for positive parameters and search step size is fixed, the smell concentration judgment value
and search step size were improved to make IFOA have global parameter search and variable step size. The
two improved performances were tested using the Rosenbrock function. The results show that the IFOA has a
global parameter optimization range and higher optimization accuracy than the classic FOA. Finally, the IFOA
was applied to solve the nonlinear function optimization problem of accelerometer calibration parameters. The
results are compared with those of Newton iteration method and Particle Swarm Optimization (PSO) algorithm.
The simulation results show that the IFOA is 1 —3 orders of magnitude higher than Newton iteration method in
terms of solution accuracy. Compared with Newton iteration method and PSO algorithm, the IFOA improves
the running stability by 30% and 34% respectively, and reduces the running time by 15.2% and 43.6% re-
spectively. The IFOA has a good application value in the calibration of accelerometer without turntable

Keywords : Micro-Electro-Mechanical System ( MEMS) ; accelerometer; calibration; norm-observation;
Fruit Fly Optimization Algorithm (FOA)
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Fig. 1 Skin color detection method based on ellipse model
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Fig.2  Steps for processing hand images by open operation
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Abnormal hand behavior detection based on area
division and standard time
LIANG Yuning', WANG Shaohua’, JIN Xiangming®, ZHOU Dong"" "

(1. School of Reliability and Systems Engineering, Beihang University, Beijing 100083, China;
2. AECC Hunan Aviation Powerplant Research Institute, Zhuzhou 412002, China)

Abstract: Abnormal hand behavior detection during operation based on intelligent video surveillance sys-
tems can prevent human errors and improve human reliability. In order to solve the problems that the motion
characteristics of hand operation are not obvious, and common abnormal detection and gesture recognition
methods are not applicable, a detection technology of abnormal hand behavior based on area division and
standard time is proposed. The skin color detection method based on ellipse model was used to detect the hand
centroids in the video. The work area division method is proposed to define the unit task. The continuous op-
eration was divided into unit tasks according to the work area of the hand centroid in each frame, and the start
and end time and the duration of each unit task were obtained. Standard time was defined by normal working
hours. And warnings were given to the unit tasks which exceed the standard time range. Experimental results
show that the accuracy rate of unit task segmentation is higher than 93% , and the detection rate of abnormal
behavior is higher than 86% . The proposed method can effectively detect abnormal hand behavior and provide
technical support for human error monitoring and early warning.

Keywords; abnormal behavior detection; skin color detection; human error; human reliability ; unit task

segmentation
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Time delay feedback control for transonic flutter of
airfoil with free-play nonlinearity
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Abstract: In active control of flutter, time delays are inevitably introduced and have significant influence
on the stability of the closed-loop controlled aeroelastic system. At present, study on the flutter suppression
has been focused on subsonic and supersonic regimes, where aerodynamic forces are modeled with the linear
theory. However, it is noticed that civil or military aircraft usually cruise at the transonic regime, and the con-
trol surface deflection is used as a control variable in the active control. In view of the above situation, the
method of time delay feedback control for free-play nonlinear system transonic flutter is developed based on the
aerodynamic forces reduced order modeling. In the method, the unsteady aerodynamic forces models for tran-
sonic regime were firstly identified with the white noise as excitation signals, and were combined with free-play
nonlinear structure model to construct the state-space models for the controlled aeroelastic system. Then, a
state transformation with the integral item was introduced to make the input-delay system be transformed into a
system without delay. Finally, optimum time delay feedback control is designed by optimum control theory.
Simulation results indicate that, for the system with time delay, the control algorithm may fail to suppress the
flutter if time delay is not considered in control design. The effectiveness of the proposed time delay feedback
control algorithm isn’ t influenced by the magnitude of the time delays. The developed method can obtain ex-
cellent flutter suppression results with either small or large input time delay.

Keywords ; flutter suppression; time delay system; feedback control; transonic; reduced-order model;

free-play nonlinearity
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Optimal analysis of design point performance of ducted rocket
LI Xintian* , CHEN Xinmin, CHEN Shili, XU Nuo, CAT Qiang

( China Academy of Launch Vehicle Technology, Beijing 100076, China)

Abstract: Aimed at range optimization requirements of vehicle with ramjet, an evaluation method based
on the vehicle-ramjet performance factor is proposed. Performance prediction model and optimization design
process of ducted rocket are developed. These provide support for the integrated optimization design of vehicle
and ramjet. According to the analysis results of ramjet performance with boron-based fuel rich propellant, un-
der the same Mach number and excess air coefficient, the change of specific impulse caused by height varia-
tion is not obvious. Under the same Mach number, the specific impulse increases first and then decreases with
the increase of excess air coefficient. Under the same excess air coefficient, the specific impulse decreases
with the increase of Mach number. With the increase of the Mach number and excess air coefficient, vehicle-
ramjet performance factor increases first and then decreases. The vehicle-ramjet performance factor reaches a
maximum under certain Mach number and excess air coefficient.

Keywords: ducted rocket; design point; specific impulse; range; performance optimization
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0 6 2.85 5.12 35.0 19.55
1 120 120 99.96 0.83 1.00

2/3/4 6 6 5.12 16.67 19.55
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10 120 120 99.96 0.83 1.0
17 120 120 99.96 0.83 1.0
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26 240 240 200.8 3.75 4.42
28 120 120 100.25 3.33 6.94
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Abstract; Satellite Based Augmentation Systems (SBAS) provide SBAS messages through GEO satellites
to improve the performance of GNSS in order to meet the navigation needs of civil aviation users, and reasona-
ble and effective message content and broadcast schedule design are important for SBAS to achieve high-quality
services. In order to improve the flexibility of message scheduler and avoid the waste of broadcast resources
caused by filling the null messages, this paper proposes an automatic scheduler of SBAS message. Under the
premise of meeting the requirements of international standards, this scheduler comprehensively uses the age of
SBAS message and the maximum broadcast period to realize the automatic selection of the message type to be
broadcast. At the same time, this paper uses NTMF data to analyze the characteristics of the current SBAS
message, and evaluates the application effect of the proposed scheduler in single- and dual-frequency SBAS
message. The results show that this scheduler can ensure that the message schedule meets the requirements of
international standards, can achieve the priority broadcast of important messages, and can realize the nearly
equal proportion shortening of the broadcast interval of each message type by dynamic allocation of spare time
slot. Compared with rigid scheduler, the integrity message broadcast interval is shortened by about 15.0% and
the first positioning time is shortened by about 8% for the single-frequency SBAS, and the first positioning
time is shortened by about 6. 5% for the dual-frequency SBAS message. Compared with BDSBAS BIC rigid
scheduler, the integrity message broadcast interval is shortened by about 14.7% and the first positioning time
is shortened by about 16. 7% . The scheduler can effectively improve the efficiency of SBAS message broad-
casting and realize 100% effective use of SBAS broadcast resource.

Keywords: Satellite Based Augmentation System (SBAS); SBAS message; message schedule; dynamic

scheduler; rigid scheduler
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Table 1 Part of simulation parameters of star tracker
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Complete motion parameters modeling and optimization
design of multiexposure star tracker
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Abstract: The multiexposure imaging method can be utilized to improve the attitude update rate of the
star tracker effectively. However, with the increase of the angular velocity and angular acceleration, the cross
probability of adjacent star tracks increases significantly, thus seriously affecting the performance of multiexpo-
sure imaging method. In order to solve the above problem, first, the star imaging position model based on the
complete motion parameters of star tracker is established, and the movement displacement of the star point in
the working period is determined accordingly. Then, according to the above model, the relationship between
the cross probability and the parameters such as complete motion parameters, focal length and star position, is
simulated quantitatively, and the limit safety values of complete motion parameters are determined as angular
velocity @ <26.4(°)/s and angular acceleration a<5(°)/s’. Finally, a star observation field experiment is
carried out to further verify the effectiveness of the proposed method.

Keywords : multiexposure star tracker; complete motion parameters modeling; optimization design; sim-

ulation analysis; field experiment
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Deformation of high-fill subgrade of airport in mountain areas
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2. School of Transportation Science and Engineering, Beihang University, Beijing 100083, China;

3. School of Automobile and Transportation, Tianjin University of Technology and Education, Tianjin 300222, China)

Abstract: At present, a large number of high-fill projects are used in mountainous airports, and the set-
tlement and deformation of high-fill subgrades is an important issue to be solved. In this paper, based on the
Unified Hardening (UH) model, by studying relationships between the stone content and the internal friction
angle and cohesion, and based on the extended SMP criterion and transforming stress, the stone content is in-
troduced into the UH model, and the UH model considering stone content is established. The change law of
the intersection of the current yield surface and the mean principal stress axis is used as the judgment criterion
for loading and unloading of the UH model considering stone content, which makes the unified consideration of
hardening and softening be realized. And the semi-implicit back reflection stress update algorithm is adopted.
The loading and unloading criterion is applied to the stress update algorithm. And the finite element applica-
tion of the UH model considering stone content is realized. Then the finite element analysis of the large-scale
triaxial test of the soil-stone mixture is carried out by the finite element program of the UH model considering
stone content, and the validity of the finite element program is verified by comparing the calculated results of
the finite element with the actual test results. Finally, using the finite element program of the UH model con-
sidering stone content, the three-dimensional finite element analysis is carried out for the high-fill subgrade of
airport in the mountain area, and the vertical displacement curve of the ground settlement monitoring point is
obtained. The calculated curves are compared with the curves by the UH model without considering stone con-
tent, the Modified Cambridge (MCC) model and the measured data. And the vertical displacement contour,
the lateral displacement contour, the pore water pressure contour and the change curve of pore water pressure
with time of high-fill subgrade are obtained, and thereby the displacement and pore water pressure change laws
of the airports high-fill subgrade are obtained. The rationality of the UH model considering the stone content in
analyzing the deformation of the high-fill subgrade of the mountainous airport is explained.
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tion

Received ;: 2020-09-09; Accepted: 2021-01-24 ; Published online: 2021-03-10 07 .02

URL: kns. enki. net/kems/detail/11.2625. V.20210309.1116.006. html

Foundation items: National Natural Science Foundation of China (51808547 ,11672015) ; Tianjin Municipal Education Commission Scientific
Research Project (2019KJ124) ; the Foundamental Research Funds for the Central Universities (3122014C014 ) ; Research
Startup Fund of Civil Aviation University of China (2013QDI12X)

# Corresponding author. E-mail: fxing_sjz@ foxmail. com



2021 4 10 A
4785 F10H

tEMEMRKEFER

Journal of Beijing University of Aeronautics and Astronautics

dhﬁ#*& Octob 2021

Vol.47 No. 10

http: // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2020. 0373

jbuaa@ buaa. edu. cn

EFHITFEUPHSEERZE

SN 2 S
&
(O E PRl s GEE R A A, T 510620)

i B ERTRANEFYRAAR D TREFFEZNER, 3 M55 AN R
MEKFHR LB AR, BAIHERREE X I AL, T E LA RBER LA, B LML
AAE ARZBA ;0T RAMFE KBIANARKRINEBRT R, EFEETHBNFEA, A
b, RETHRUMAT F— 5 EFE, GHRFEZELLSAAT Python By 4F 1, 8% 7 0 F
g I T N NI RN < Qo I 0 N a2 S VN S e OGS B A e -V A

TR A,

X B8 W ZSHRARA; ZeFa; Python; AR K, HRETRITF

hESERS. 0212.1
XERARER: A

57 R GET ) R T HLIR) Se R e 30
ERTE B — AP K Gt oA I X5 AT i e 45 b
B2 57 IR LAY AR S e 2 v B SL TR 9 SE I X
R

W2 55 GE T o7 R 55 A A R ) BILE B A X T
fife R 2% 20 T SRR IR R 3 O 2 Tl s, L
TR ER R A L . R ST S A
— AR R T E 2 Y ST o3 A i A R
fii o HESE L BAT IR G0 A R 5T GE A I — A
FEMNEZ— o BRI AT — A AEH T2 A
MR R /N R X A SR H R S A AR
H foe /N A XA SR TR R AN AT, PR OR 3% R
A JR A ) 5 S, R T8 55 7 i Il B A A
100% WY AT RERE 2N % A5 fim o BLAR L= P
9, PUE AE % 55 8 T 2 il 3 A 2 0O O %
IFAN o MK A S RO TR CHLIX R ™ i 1632 77
T SRR AE o IR RBUR B AR JR A BB TE
OB % R B R A8 2 TS B4 1 R A T A
e L s AN W BEAE (1 BT A P AR R EE A IR X
G HRBTEA T A KT BUAT IR 73 A i A K

XEHS: 1001-5965(2021)10-2024-10

T AR LR 4y 2 = S ROl IR A A AR
BRFFHXANSHAT T o XHEMFE AL PR A
e (BN O T 1 O i o o8 N N
— Rl A A o A, PR A6 IS A, 1AL A I A 2y
At o H P AT R S A B SR MRS R T RS
F I o DRI, 9 55 GE it 2 RE AL 19 24 55 2 2ot
Je L DR B AT JR o0 A 3 A SR AL TR, A3
T 5 E AR R o A 3 A SR 2 A5
5 AN [ 4 RE AR AR TR 5 5%

1 EFRITENRFR

W2 95 GEit A S K ST B BN P B 25 4 % 7
AU 2 o =S BRI 23 A iT DL 4 3t 4
B LRI A i (0 R A T 55 GE T e B R
WAL H =B BOAR IR A A KRR
JIT A 3 PO HBCA IR U BB R 2%, i H o i
FEAR R 5 L 3 > S BB I M, 7 B R
A I B R S R A R 4 A 1 T
SCNVRA A K,y A e Z TR 24 41— T Bl
A IR O3 A IR Ao

Wi B 2020-07-30; FABH: 2020-11-27; M HRRATE: 2020-12-04 09 ;05
W 4& H R b4k kns. cnki. net/kems/detail /11.2625. V.20201203. 1730. 001. html

= BIS1EHE. E-mail: xujiajin666@ 163. com

SIRHER: hR# KFHTFERMCTHEEAR L] AFMEAMEAFFH], 2021, 47 (10 ) : 2024- 2033.

XU J J. Gao Zhentong method in intelligentization of statistics in fatigue [J |. Journal of Beijing University of Aeronautics and Astro-

nautics , 2021 , 47 (10 ) : 2024- 2033 (in Chinese ).


qwqw
新建图章

https://t.cnki.net/kcms/detail?v=m8alAquIwjPh3dvHa5plh-JYuNx08ZcXZfjKpMzIXebSSPjHqYkKFy-zFZaT7QC3bS9bbkoBpRMy22V-TxS5xJHwWb-3yUMAMC04TA98eHCHvAvd5QLNHA==&uniplatform=NZKPT

55 10 3] TR ST R

B RE AL H B B A 3

A
s

2 HBRSHHER

AR AT IR 3 A A8 5 7 R BR R
SIN) = [b/(N, =Ng) JL(N = N)/(N, =N,) 1" -

expl = [(N=N)/(N, = NIl (la)
o
F0) = [b/Cx, = 2) 1L (x = %) /(x, —x,) 107"
expl = [ (x = x)/(x, - %) 1" (1b)

KN RIS FH N, AL EFar; b WIEIRS
BN, REFE A s« N RRIE S B 0, M B SR

HOosx sx <,

75 fE AT
A = x, —x, (2)
fx) = (b/0)[(x =x)/A)]" 7" -

expl = [(x —x)/A]"} (3)

A R L F S50

MG A B, B R S50 A AU R AE
SR — et XA %, =0 8,4 = x,, Bl A
B %, =0 B ARRAE S 80, B, f X (3) A0
KD ER— B =SB R iRk, =2
By BRIERSE b RIESH A AL E SR x, .

B2 B x, =0, 20 (3) W W5 2 B0 A
fx) = (b/X) (x/2)" Texpl = (x/1)"] (4)

PR A =1 80T A" (— S50 gk A
fx) = bx"exp( - a") (5)

XF T HE AL B AT 2K 53 A, b 43 R 0.5, 2,
3.5, 5 W, @A IR 43 A WE R 85 B R B AN 18 1 i

H AT R G5 A BE 38 2% FE R RO BT 1 AT A
SR IS

1) bR BAG R A B IR S 50 2 2520
o O0<b<1 B2 1/« REL, M1 <b<3 BTN
3,3 <b <4 MNEARLERS 2010 ,b >4 W2 4 43
fii o WEA, 2 b =1 I8 50 A, b =2 Iy 3 ]
O3 AT o TR LR S A R A A BR AT IR A A R
RS EEEEA

2.5

(S oS S S o

2.0F

MW O
wn wn

19511

1.0r /—\
ost ~:::f§;\\

0 0.5 1.0 1.5 2.0
52

1 v AT R 43 A7 MG 38 8 P B A
Fig. 1 Standard Weibull distribution probability

S(x)

density function

2) WA R E RBCH 3 AN B IE S 2y
fii 22 1A, i AL R (R3S 22 4 75 4w ) (H A
e HL B (B B B %) MR8 . IR &7
Ais BEAR Al 8 5 X0 R IR 25 89 B dh , 1e) e R 7 B
AT IR AR A KA R — Bl AR 2
DRI I 285 A A A R — Bl B o T R A K
A BERE A 55 X AROIR & ORI LAY ), SCRE 4
5 e A A i R0 R Y TR L OE S
VXN E

b SO AR R o A T RE R B A B —
0 HAOE BB 5E . R T3 i, TF U U A v
JEAT 7R 43 A BEAT F BTN A 5T, T — S H O =
S0 AT IR O3 AT AT AG BB 45 2R

1) AT R 3 A1 R 25 BE o B0 T 2 IH — 1k
FAEm . BIEEUER] .

f:f(x)dx =1 (6)
g z=x", R (6) ZEH AN

®

J:bxb_lexp(—xb)dx = jo exp(—z)dz =1
X WSO = 2808 AT 7R 3 A [ B AT A
X AEEE, R 3
{z = (x/1)"
z = [(x —xo)//\]h
2) A5 UM B IR S A R ECh
F(x,) =1 -exp(-x,) (8)
HE LR D) MR 2=
F(x,) = f:f(x)dx =1 - exp( —xllj) 0 <,
XA A o R T S R R Al SR P oAy
P=1-F(x,) = exp(—xlb)) (9a)
A (9a) Za i 1 T HE B2 Y B B0 2, X T 0
AEREX. W, B PN« 1H.
P 2 B0 = 2 BURAT IR 93 A1 5300 A
P =1-F(x,/\) = exp[ - (xp//\)b]
{P = expi{—[(x, —u,)/A]b}
2 I H X, =x,, %,
AL
P =exp(-1) =36.8% (9¢)
1 & WAL ART B AT 2% 20 A 24 FLAR A A 2 )
A HEFE —E N 36.8% X RRFIESHL «, 10— W)
B S, MB x, =x, B P =100% , (2S5 v,
i 100% A 5 FE 1 42 42 A7 i 10 | ok o WA 4R

(7)

(9b)

- = (% +A) —x =

X A5 4 R T B A 54 182 T 7 55 K
TR

3) 4 b > 1 I pR RO M ek B, s A
— MR % b



2026 b5 M = MK k% F M

A 4R

2021 4

F(x) =bexp(=x")[(b-1)x"7 —ba""2""] =
bexp(—a")x" (b -1 - ba")

A f(x) =081 b-1-bx"=0,

x' = (b-1)/b (10)
x,,, = exp{In[ (b -1)/b]/b} (11a)

PR () B Z B 34
f(x) = bexp(—a")x"7{[(b=2) —bx'"] -

(b =1 —bx") = b*x"}

A f(x,,) = bexp(—x")a"7b(1 =b) <0,
BISIE B T v, 0 (o) BB, L o) 2 B K
HEC(la) AXER B, 25 b ORI, In[ (b -1)/b]—
0, x,,—1,EEEPLE =14,

X6 T P 2 BOR =2 B AT 7R G A1 B 248 2% B
Bk ON =N VA%l )

X0 = expiln[ (b =1)A"/b]/b} (11b)
X = %, +expiIn[ (b -1)A"/b]/b] (11¢)

4) AT IR o3 A R TR R e CHK 2 =
x5
E(X) =J- xbx"exp( = ") dx =

0

®

fo z( l+l/z)*lexp( _ z)dz
P T 20 o R 2 S
E(X) =T(1 +1/b) (12a)
SRARI M, X W2 B = 2 B0 A 7R g3 A Y
B 5 5 R

E(X) = AT(1 + 1/b) (12b)
E(X) =x, + AT'(1 +1/b) (12¢)
5) BAT IR AT 2 o
[F) 42 e SCRT A
Var(X) = E(X*) - E*(X) (13)
11}
E(X*) = J':xszb_lexp(—xb)dx =
J:Z(HZ/Z)_lexp(—z)dz (14)
E(X*) = T(1 +2/b)
i =0 (13) Al 45
Var(X) = T'(1 +2/b) = T7(1 + 1/b) (15a)

A Hh , X T P S BORN = 2 08 A IR 43 A 1Y
T 245390 R
Var(X) = AP[T(1 +2/b) =T°(1 +1/b) ]
(15b)
Var(X) = A2[T(1 +2/b) —=T°(1 +1/b) ]
(15¢)
TRBT 5 , = Z 50 AT 7K 43 A0 T 22 1 W R qE
Hax BAEHERXRR,

6) & AT IR 43 A R IE 28 43 A AR R B )
Wo ATTCHEFNY 3 <b <4 I 2 Fp oy A Z AR
TR A R S8 A X B, RO R fBL (=
HA MR R A WA B X AR e Al AE
—EARMET AR 3 A A 2 A2,
A4 B A AR S I E X N X BT 5
EASS ARl SE AT 2 (12a) 45 4, 1 A (e ]
AT (9a) i P =50% I 45 H1,0.5 = exp( —x,)
x50 K 50% FIHEFERY o fH, T B (12a) U
In2 =T(1 +1/b)" (16)

X (16) Jy ik J5 7, FH Excel f fif 8 K L o
FIF Python REARPLAF 2N 45 5 . (HAE W — 40
PR M ] ARy k. S R KE 2 (16) Bk
HH
g(b) =T(1 +1/b)" =In2 =0 (17)

F ] Excel A] 45 b =3. 44 (K51 2| 10_5)O

Python HiE 7 Y45 ey o b (O 43K %K) =19,
ECKE) =1 x107%, b=3.439 54,

Excel B0 TE T BEMW BT D fE vh 75 22
ANBI A, BRCREEAR . Python &% &, A — H.
PRy, 43 TAEER W] B 30 o8 B, K B o

JILAEE 5 H 3 A~ 45 38 B AR = DA HE B AT OR 41
A HE 01 BN T 2 B0 = 2 50000 A 2 3 T
1, R FRAEAUA S IR Z80 b A 5. T3 b B
SCHRLT ], AR 2R 53 A5 18 i 285 2 B0Ch

F(;—b)—3F(1 +%)F(1 +%)+2F3(1 +%)

e 3)-r( )
(18)

AMER B, XA S R WA b A K,
[F) IS Al 285 28 B0 Ry 0 IS A0, 07 322 42 % PR P e - 1) s
i o TR RN IE 2 43 A B 2 3 Y A, X0 T AR
X2 oA A e A B SR, O A A BEOR X
A bl BRSNS JrFE
T'(l1+3/b) = (1 +1/b)T(1 +2/b) +

2T°(1 +1/b) =0 (19)

K (19) —DKT b By 8y, o F A AH
[6] Python fCAS 45 : k(X 73K EL) = 26 ,E(H{E) =
1x10°°,6=3.60235, X5HICH b=3.44 L%
e IR E A, 33X 3 B BT JR 43 A A AT g 5
X o

3 EFEIREHEE

20 fit2d 80 AR, 5 HLAE H [ W RO 4
AT K il — B TR B e T T AR B R {H A




55 10 3]

PR 07 G o RE AL B B R i

A
o

AR S e N B A o — T TR O B R AT
T =T A AR ) TR AR N R Z
U, 25 il B0 R A T 3R, A0 A R A AR AR L A R
IR AL AR AL BR AR AR AR S ) O o XA T TR AR
ARk BT B S T (H R 22 BOK , HAb 50 B4
XAk , 3 B B JEE 7 — o 2 ) A 4B, T S
P —ZE AR AT RE 20X 2 B 23 A3 AL A5 R AN 1T
X730 SEMNEE 2R, X R 7 ik LR UG R
wAL. HAEHE A KA A5, (5B I AR 4
B P Re Al , 2 2R AT B A Kol B
TP BN ZR B Gt 45 51, RV {2
TP UL R TR T LA A 4 T Y
PeS R AR . BB
Bl AR S A A R
F1 —HEFEGUE"
Table 1 A set of fatigue life data'"’

%55 F5 i/ (10° cycle)

350 380 400 430 450
470 480 500 520 540
550 570 600 610 630
650 670 730 770 840

Bl N,, =557

B s=132.15

H{f N, =545

F 1 eycle RORIGIR WAL, MBIE N, b5
2 s M E N, % B Excel 15 1) o #73X L5040 J2
JIB A TE 285 43 A 1, UL AR I 1) T 2 43 A 2 5000 Al 1
fEAT H0(20) 45 i
{,1 = N, =557

o =s =132.15
K" RoR AT

T A Y IE 28 0 A % B RN

AN) = [1/2m) g lexpl = [ (N -u)/a]°/2}
(21)

(20)

PABGE B AT IR =2 Bl Al 2R 23 A, TSR
H3AZH, d(9¢) (A (12b) L (15¢) 7351
GE

50% = exp| - [(&50 - ]i’o)/(ﬁ/u —&0)]” (22)

N, =p=(N -N)T(L+1/b) +N,  (23)
& = (N, =N [T(2/b+1) =T*(1/b +1) ]
(24)
KN, AAbTH 2T N, A TTHRHE 4
N, = N, = 545 (25)

Tk, (22) ~ A (24) X 3 BT BRA
3AKRHELD Ny N0 ALK 3 S HH 5 kA

SCHRLT T BR R i b i o 76 0 3155 AL 2 i H L 7
&, o el

D =1n2 (26)
Mk (24)

N - N, =s/|[T(2/b+1) -
T2(1/b) +1)]} "2 (27)
Ha(23) 1%

N, = N, - {s/[T(2/b+1) -

T2(1/b + 1) 12T (1 + 1/b)) (28)
R (26) ~0(28) AKX (22) AT 1

N, N, +s[D” —T(1+1/b))]/
([T(2/b +1) =T*(1/b +1]1* = 0 (29)

£ (29) & — AT b 87 R, 1y
FECIT) WA AR A XA, SR ) 583 2 A W)
. HEBEW—T Python f{ i, BIFF W 45
ECUWAP R E) =24, E(RE) =1 x10°°,b =
2.211,N, =280,N, =593 (10°cycle) ,

B DL B S BRI (La) 15 40 DL ) 8 A 2R 43
A B 2% BE R AR
F(N) = (2.21/313) [ (N -280)/313]"* -

exp{ — [ (N -280)/3137]*"} (30)

I Excel, # f % $046 15 2] 9 1E & 4 1
2 (22) MR AT /R 434 20 (30) 1Y A] 5 FE AR BT 2 o
—A~

EN B 2 Fp AR e ] 250 08— A 43 A 19 A 8 2 Ay
PR A — S Ok R F Al S A T (d
A Z%SCHRT]) -
P=1-i/(n+1) (31)
b S ECE OUIIAE ) i/ 30 R HEF T 8 n
S BAE A B

PSR A 440 1 6 3 , TR U T L A G 9
G35k FRAR (Y A] AR BE AR G M B AE OC R B

1.0

— g
08F — HUA/RAME T i
— A

2 0.6 -
&
= 04l

02

1 | |
0 0.2 0.4 0.6 0.8 1.0

FRALA] S

B2 IE A Fg A 7R o3 A il S He g (B 1)
Fig.2  Comparison of normal and Weibull

distribution reliability ( Example 1)



2028 b5 M = MK k% F M

A 4R

2021 4

F18 R /0N SR A W7 BB — b o A B G a1 2 A A
B, IE 25 A0 A JR 23 A1 55 BEAT AT RE B0 A G R AR
Gy 0.996 75 F10.999 27, fydt Al WL, W 5
HRAE ] S T2 10 A 0% AR WOAR AR W Ol 1, TR AT R
MR T 0..002 52, i X A & X A] LR
TE 20 A S AT JR 73 A1 B — B I A8 o

AN TEATSER BT T S — A 1 BE R R IR A5 0 A1 2
AL, B R 7 K, (H A A SRR, ] 2 %
SCHRLT ] o

B2 MHSCERL ]2 12-3 i 2dls 2 4
2

F2 100 MRABER A FHTRS FaE
Table 2 Fatigue life data of 100 specimens

under the same stress condition

% %5 77 A/ (10° cycle)
3.08 3.26 3.32 3.48 3.49 3.56 3.69 3.7 3.78 3.79

3.8 3.87 3.95 4.07 4.08 4.1 4.12 4.2 4.24 4.25
4.28 4.31 4.31 4.36 4.54 4.58 4.6 4.62 4.63 4.65
4.67 4.67 4.72 4.73 4.75 4.77 4.8 4.82 4.84 4.9
4.92 4.93 4.95 4.96 4.98 4.99 5.02 5.03 5.06 5.08
5.06 5.1 5.12 5.15 5.18 5.2 5.22 5.38 5.41 5.46
5.47 5.53 5.56 5.6 5.61 5.63 5.64 5.65 5.68 5.69
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Fig.4 Safety life versus correlation coefficient ( Example 3)
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Fig.5 Safety life versus correlation coefficient ( Example 4)
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Table 4 Example 7 a set of data

W5 a/mm N/h
1 0.497 8 4 800
2 0.642 5200
3 0.665 5 5 600
4 0.797 6 6 000
5 0.9322 6 400
6 1.099 8 6 800
7 1.292 9 7 200
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Gao Zhentong method in intelligentization of statistics in fatigue
XU Jiajin®
(L&Z International Leasing Co. Lid. , Guangzhou 510620, China)

Abstract: The Weibull distribution plays a very important role in statistics in fatigue, but the Weibull
distribution of the three parameters is more complicated in mathematical form. The three parameters can be es-
timated through sample data. One is the “Weibull probability paper”, but this method is inconvenient to use
and the error is relatively large. The other is the “analytical method”. To solve the three simultaneous tran-
scendental equations, although it can be solved by a computer, there is still the problem of “incompatibility” .
To this end, an intelligent solution—Gao Zhentong method is proposed, which makes full use of the character-
istics of Python and can conveniently give the three parameters of Weibull distribution at the same time. This
lays a solid foundation for the theoretical research, practical application and intelligentization of statistics in fa-
tigue of Weibull distribution.

Keywords : three-parameter Weibull distribution; safe life; Python; Gao Zhentong method; intelligent

fatigue statistics
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Influence of wind deviation on rocket maximum
aerodynamic load accuracy
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Abstract: The prediction accuracy of upper wind has an important impact on the flight safety of launch
vehicle, which is mainly manifested in the impact on the accuracy of the maximum aerodynamic load. Based
on wind field from sounding data in a region, the influence of wind deviation caused by upper wind forecast on
the accuracy of rocket maximum aerodynamic load is analyzed. It is found that the accuracy of the maximum
aerodynamic load forecast is significantly reduced with the extension of the upper wind forecast time. The rela-
tive error increases from 5.68% on the first day to 26.49% on the 11th day; the accuracy of the maximum
aerodynamic load forecast is related to the season, with the highest forecast accuracy in autumn and the lowest
in spring. These findings have reference value in the flight assurance and safety decision-making of rocket
launch.

Keywords: launch vehicle; wind deviation; maximum aerodynamic load forecast; accuracy characteris-

tics; seasons
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Design of four-quadrant power hardware-in-the-loop
brushless DC motor emulator
ZHANG Lei, GUO Hong, XU Jinquan”

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

Abstract: Since it is difficult, costly, and time-consuming to test the power electronic converter of
Brushless DC Motor ( BLDCM) in all operating conditions with a motor-load test bench, this paper proposes a
four-quadrant Power Hardware-In-the-Loop ( PHIL) BLDCM emulator, which submits a methods of sampling
and calculation based on the different operating regions. it can replace the motor-load test bench in the per-
formance test and the reliability test of the BLDCM controller under a two-phase conduction control mode.
Meanwhile, the paper employs a piecewise method to optimize the sampling and model calculation processes of
the emulator. This PHIL BLDCM emulator comprises a real-time simulator, a motor simulation converter, and
a multi-stage bidirectional converter. The real-time simulator measures the output PWM voltages of the power
electronic converter and calculates the behavior of the electric motor by the real-time calculation model. The
motor simulation converter receives the calculated currents as the control instruction and generates the currents
of the emulator. In the meantime, the multi-stage bidirectional converter maintains the energy balance between
the input and output of the emulator and realizes the PHIL simulation to the BLDCM operating in different
states. The experimental results show that the proposed PHIL BLDCM emulator has many benefits, such as
high simulation precision, good real-time performance, and flexible operation, it can achieve the PHIL simula-
tion to the real BLDCM and the mechanical-load in the test of the BLDCM controller.

Keywords: Power Hardware-In-the-Loop ( PHIL) electric motor emulator; four-quadrant operation;

Brushless DC Motor ( BLDCM ) ; real-time simulator; motor simulation converter
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A state of health estimation method for satellite battery based on
smooth and discharge applicative increment capacity analysis
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Abstract: Aimed at the large error when using Increment Capacity Analysis (ICA) to estimate the State
of Health (SOH) of satellites battery, this paper proposes an advanced SOH estimation method based on
Smooth and Discharge applicative Increment Capacity Analysis (SD-ICA). First, the proposed method does
the smoothing processing to the low-resolution telemetry data by using the fitting results of the smooth spline
functions which have the continuous second-order derivative. Thus the calculation accuracy is improved.
Then, in consideration of the limitation that ICA must use the micro current discharge data, the IC calculation
method under load conditions is deduced, which reduces the requirements for the satellite battery discharge
conditions. Finally, a linear regression relationship between the battery capacity and Features of Interest 1
(FOI 1) of IC curve is found and used to estimate the SOH of the satellite battery. The results show that the
proposed SOH estimation method can accurately obtain the battery SOH from satellite telemetry data. In addi-
tion, this method is easy to calculate, has low requirements for sampling resolution, and does not need to add
battery working conditions. Therefore, it is valuable for battery health management and mission planning of
satellite.
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Abstract: The Carrier-to-Noise Ratio (CNR) of Global Navigation Satellite System ( GNSS) signals is an
important parameter to describe GNSS receiver’ s performance. In this paper, we derive and analyze two com-
monly used GNSS signal CNR estimation methods: Variance Summing Method (VSM) and Power Ratio Meth-
od (PRM). Meanwhile, we propose an adaptive CNR estimation method which is based on fading factor cuba-
ture Kalman filter. We compare the three methods to assess the CNR estimation ability in normal and weak
signal environment. The results show that, when signal suddenly changes or signal is weak, the VSM and
PRM will produce large estimation errors, while the adaptive CNR estimation methods can still accurately esti-
mate the CNR of signal.
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Threshold test study of fuze-ultrawideband high electromagnetic pulse effect
FU Shenghua'®, LOU Wenzhong'* * , SU Zilong'?>, ZHENG Fuquan'"

(1. School of Mechatronical Engineering, Beijing Institute of Technology, Beijing 100081, China;
(2. Beijing Institute of Technology Chongqing Innovation Center, Chongqing 401120, China)

Abstract: In order to clarify the interference and damage effects of ultra-wideband electromagnetic pulse
on fuze, the threshold interval of fuze-electromagnetic pulse coupling effect is determined. It is difficult to ac-
curately assess the anti-interference ability of fuze in the electromagnetic pulse environment because the fuze-
electromagnetic pulse effect data samples are few. To solve this problem, in this paper, a threshold analysis
model of fuze-electromagnetic pulse coupling effect is established based on Markov-Monte Carlo estimation.
The fuze effect test system is constructed by a typical ultra-wideband electromagnetic pulse simulator. The
fuze-electromagnetic pulse effect law and interference threshold are obtained, through the electromagnetic
pulse irradiation test of the typical fuze. The test results show that the mean value of the fuze communication
failure threshold is 28.262 kV/m, and the 95% confidence interval is (27.390, 29.129) kV/m; the posteri-
or expectation of variance is 1.867 kV/m, and the 95% confidence interval is (0.834, 4.182) kV/m. This
method can be used to estimate the electromagnetic pulse effect threshold for various fuzes, and provide the
theoretical foundation and test means for improving the fuze’s ability of anti-electromagnetic interference.

Keywords; ultra-wideband electromagnetic pulse; fuze; Markov-Monte Carlo estimation; threshold anal-

ysis; irradiation test
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Judgment method of circumferential relative sliding of
air film seal between shafts
HUANG Yuhui, SU Hua® , CHENG Zhuoyi, HOU Guoqgiang

(School of Mechanical Engineering, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: In order to predict whether there is relative sliding in the circumferential direction between the
seal ring and the outer rotor in air film seal between shafts, a method for determining the circumferential slid-
ing of air film seal between shafts considering centrifugal expansion effect is proposed. The mechanical mecha-
nism of the circumferential sliding between seal ring and outer rotor is analyzed. The centrifugal expansion of
seal ring and outer rotor is simplified into axisymmetric plane stress and axisymmetric plane strain. The influ-
ence of the difference of elastic deformation stiffness between seal ring and outer rotor on the expansion deform-
ation and the connection relationship is calculated, and the critical sliding operating area between seal ring and
rotor is obtained. The research method provides a prediction and guidance method for circumferential sliding of
seal ring in engineering.

Keywords: centrifugal expansion; elastic deformation; circumferential sliding; critical sliding speed;

shaft seal
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A fast finite element method based on GPU to solve density field

LI Guoyang', YAN Hua" ", ZHANG Zhengyu’, CHEN Qinmei', ZHU Fushun'

(1. College of Electronics Information Engineering, Sichuan University, Chengdu 610065, China;
2. High Speed Aerdynamics Institute, China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: In order to quickly calculate and analyze the experimental data under the action of turbulence
field, which are measured by video measurement method in high-speed wind tunnel test density projection
field, and aimed at the numerical solution of density projection field, the second-order partial differential
equation of density projection field is analyzed by ray deflection theory. And the CPU serial finite element
method is realized to solve the problem. On this basis, a GPU-based fast finite element method for solving
density field is proposed. After analyzing the efficiency of the serial finite element method solving process, the
time-consuming neural network fitting, total stiffness matrix and total load vector are solved and then GPU-
based parallel acceleration are carried out. The experimental results show that, under the premise that the ac-
curacy meets the actual engineering requirements, the proposed method can greatly improve the solving effi-
ciency compared with the CPU serial solution method, and the acceleration ratio is multiplied with the grid
subdivision and multiplied encryption.

Keywords: density projection field; finite element; parallel acceleration; second-order partial differential

equation ; stiffness matrix
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Fig.2  Critical dynamic pressure versus gradient index
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Table 8 Comparison of flutter frequency and critical
dynamic pressure of FGM plate under different

boundary conditions
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1 434.22 26.0 788.45 41.7 594.19 33.3
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50 354.23 19.0 651.33 30.6 491.35 24.5
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Exact solutions of thermal flutter of two-dimensional
functionally graded panel

DAI Lintong, XING Yufeng”

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

Abstract: For achieving the thermal flutter exact solutions of two-dimensional functionally graded panel
and revealing the mechanism of the thermal flutter, based on the classical thin plate theory and the first-order
piston theory, the characteristic governing differential equation of two-dimensional functionally graded panel in
supersonic flow is established and exact solutions are obtained. Through the analysis of the eigenvalues, the
mechanism of the panel flutter is investigated. According to different volume fraction of Functionally Graded
Materials (FGM) , the flutter boundary changes with Mach number in constant temperature field and nonlinear
temperature field are studied respectively, and the results in two temperature fields are compared. By analy-
zing the flutter characteristics of panels with simply supported, fixed and integrated edges, it can be concluded
that the flutter phenomenon is caused by the first-order derivative of deflection which leads to the asymmetry of
system stiffness, and FGM can effectively improve the flutter boundary of the panel in the thermal environ-
ment. Meanwhile, the vibration properties of the FGM panel is simulated with ABAQUS, further validating the
effectiveness of the present method.

Keywords: supersonic; Functionally Graded Materials (FGM) ; thermal flutter; eigenvalue; exact solu-

tion
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ARF nfr BEIE AT 00 1) AL 2l I, 465 07 oo 2 R0 53 Sy A6 1)
YN, i AT N7 AR S AE A AR R T AR X I2 B
it

U, Teoyz EESL IR AL R AL AR R, T 48
) IEAET7 6], Tz & 0] IE AR J7 18], Ty 45 0] K, M,A
KL, M (= 1,2, ,n) RN KOs S
HRRAT A, My e P TRAT A R MO i 2
BREW IS, T HAR v, O e 3R AT 4% 1Y
I . ez Bl Al e 1 M MTA JEAT R, M. T
HRATAS AL TT ), d, O R AT AR S H AR Y B
BT 1) 5 R KR e A R IR
v RAT SR BB o, TEGN I TJ7 10 BRI,
HAE 5 I 10 NisNa M v, G M. T ()3 ff » Y ai
Hov SR MA B, UL Ty ) EJ5 8 IE ;
Ao 9 1) R T35 A1, s DP9 AR 16 3 ) 3 J3E 75 1)
1, LLIEAET5 )W B4 1E

i P L RT AR 02 gl o D B v e KA T
#r5 H AR AR Iz 2l 5 7 AT AR Sy

d, = -,

d.A (3)

it di

= v,cos 7,;8in 7

dij\y'z'i = v;sin g, cos 7,
G 10] P A28 1 A0 AR RIS 0] A 2R o7 R AT R
~N

Nu = Ay + Y (4)
nli = ATTi - ’)/Ti (5)
APy, <00 AR, &m0l 3RoR R

A (1) = A (6)
Aa(t) = Ay (7)

v SRV ST G 8 D2 S 7 Ti [P W | I W R3S 182
TR A A R ZR 7 7 2% i ) B PR A
X (3) 3K T Al 15
d“i = U.di
};di = (U.iCOS Nsin g — ﬁtiviSin n,sin n, +

ﬁdi’uicos 7,;C08 Ny — di}\d;)/d;

Ay = (v;sin 7,€08 Ny + M;V;C08 1,;CO8 Ny —

n,v.sin g sin m,, - d.A,)/d,
(8)
B X %, =d,,x, = di,x3i =[A, —/\f,i,)\m -
M1 oxy = (A A 1o dBR(3) ~ R (5) HI
K (8) 78 =i AR & T il 5 R G0 Al g ik hy

Xy = Xy
9&21’ = /U.di
(9)
X3 = Xy
x, =Ax, +Bu, +D,



2108 b5 M = MK k% F M

A 4R

2021 4

. S v,cos 7,sin 1,/d;
Kuy = [yeyn iD= | . ;
v,sin n,;cos n,/d,

- Usin msin ny;

jvicos 7:€0S Ny, d
i i
A, = ;
. . 2
- jU[Sln T]IiSIH ndi j'[]icos 7]“-(305 ndi
i i
(7”[005 1:€08 Ny, jvisnl 7,81 My,
i i
B 1 ’
- jviSin nsin - dfthOS ;€05 Ny,
i i

ME(9) T LA Y e 75 AT e 1 AL
21 JBE ML T T 2 IR T 0, I A AR, 0 R TRAT
s AERLEE 7 1) (9 0 2, 0 o A AT AR AT T
I 55 LR 1Y e A1, Al A28 G JE v, B9 RN, B
A 2o AT A A A T O AT AR IR . A
SCBLT P [ i 5 A e e g 0 A 2 £ 4 b
45K, 52 B P TR Moty 19 H B, BILE Bl () ) 2 A
W, RAT S H R AR X B B e LR A AR [ 3 )
IR B H B o 2 0y = uy,, AT A5 B[R] ] 5 A
T

Xy = Xy
Xy = U
. (10)
X3 = Xy

X, =Ax, +Bu, +D,

M (10) tha] DUA Y, 78 2 /AT & B 6] Bt
(e 5 AR 8 ) R v, 465 Bip [) o] 5 ek A 0 B AR 4 o
55— BB A ok R B AR A w, R KT ER S H
B 0 FE DG S, R IE 22 R AT g nl S B0 U ) 10 1
H, #en)idul, 7 2 EH it — D # g Zom
BRPE w38 3 40 2 BOPE S, S B [R] B ]
I et 0 B o 55 AR S BT A R AR 4
L uy, , SEIAL LR = AR A RV Ty 7 #A 75 A B ]
sk o

FE1 B () m A R AT A R Bl ) e
TYURLN, AT # B 2RE /DN B s A R T e A 5 S
AR L 14-16 46t i U m] il S e, B3 7 A okt 8
684, SO R il vy B B8R, B T A AR AR
1A RAIL Sl 1, BT 0 A0 2o B 2 20 A 5
PR B ML B B P, ) B %ok 400 2 A 110 28 fb s 23 77 A=
S, AT, SCHR [ 14-16 ] vh fr i it 1 o ) ] 5
TE 52 bR T o 32 B 29 005 Je i, o T 3R KU/ 2
7R (R, L SR 4 T R AN T RE RN A R A
SEC S BN o 8 RN s LR UL ) S
25 Wb I )53 A 1 A R B B B . PRI, AR S
7 JERAT g R AR RO B A R SRR R
— AN 2 AR IS B R 2 A5 A SE B N 9 B

) il 1

2 HEHSEET

Hi 2 (10) w8 U o B, 8 o) S R B Bt
oy PR AY B e G 16 J5 1) e i ] P R A
S, DO M R 2w, R AT A S H
s B AR B B A AT BRI ) e SR 0, ] i 3T 45
i WLk 7 5L 1 AL e AR A 7 1 1Y A T RE 47 il i
Ly, , PR AER A T A A BRI o] e, ATy
B o3 3 e P o 1 ) S A, O 0 LR AT AR E 1R
kM .
2.1 MEmEEHLLIKIT

BExy s (10) ik 9 i = R &, A Wit ig
L) A7 BRI ] By ] ) S A 303t
{x.“ - (11)

XF T HT 0 AR AT AR AR AT AR AR
e, AL L G = (v, ¢, C) ik 57 2Z 1] 1Y
AR WA F TR B AR e P R AT AR A
WL o= (1,2, n) IR SR, € £
AN R Z AT AE (AR B C=[c,;] eR"™
FORPCE R R 2 AW R EEA B,
Wie, =c, >0, %W e, =c, =0, IR 2 44
Z[A) AR A7 AR 2 — > 3d %, U R A TG 1) A %
i

511 W LeRVELME G LY
PR 1 =[1,1,,1]" e R", AU F 458
OL 2= HA—A 0 FRAEAE, 1 2 HAR N Y FFAE
i, B L1 =0, Q410 K G &M, A4 0
& LB — AR AR (R, O N - 1 DRHIE(E
@B E G A ZEmR, N L =0A 2
A0 HFAEAE , H LT H 2 S5 TV E A

RiZ 3 20 A AT & ALY E 15 4
I G JEJo ) H A

H T8 VPR AT R 38 £ 40 45 44 S TG 1) 3 i
1,5 B H T X A RATAR AR L Z 6] Al Ll
B R VEATE RIS, & AT S AL 55 S
FIEEA R A R B 1o AR SCAL T R 5 A A
W 26 SRy AN A7 I B 2% 1 14 T8 308 15 HH P M2 A

S5G IR KA B RAT ER AR SR R I kAT AR
FRPIRZSAE BTN 2 2 8 4 v, A7 BRI fi) 2
TR — SOV B, DL L B BT
u, =- llsign"’( 2 c;(xy, —xy;) ) -

je N

lzsignbl( zcij(xZi _ij) ) (12)
jeN



55 10 3]

JETE 45 A b B v R A AT A PR [R] B ] S A i

A 4R

2109

AH:0<a, <1;0 <b, <IN N5 i BUATH
AT S R3S H AR JE AT AR 4 s oy, o AR i 4R
HES RCRAT RS H bR R R B B, WK Ty
FPHEE ;s Y e (=) FIY (o, = xy) 43001

AR R AR I AR R B 22 PR B B 2250, AL,
52 B sign () A FF 5 0R L, sign”(X) =
[sign’(x,),sign’(x,) - ,sign’(x,)]",sign’(x,) =
|x,|°sign(x,),X = [x,,x,,,x ], |x|]° =
e [P0y 20 2, 1217

A C12) 5 T LI 45 2, % 18 AT 4
I E R A R AN B A, A 1, LR
J o RAT R v, FELAR T By L H |d,| <
‘vicos n‘i‘ (Hrp v;Co8 ﬂ(lﬁ%ﬁ?%g@ﬁﬁ%Eéfﬁ
ERAE) W g, = arccos([d/(vcos m,) |)
(B B2 Ty ) 5 AR 1 2 £ /I T 90°, 75 45 2K Tl
T RATAR LS Ao, A A BE ek R, AT R TR M
RS, DR ) 5 2 B A RAT S W0 IR IR 2 22
K, FEOMBRE w33 K, 15 ‘di‘B |v,cos 77“»‘,
W4 m,, =0, 38 B2 B AT v 47 000 1) 1L 3l , 41
LI R, AT A 5 H AR Z 8] Y AH X R B 2
KB A RGN w fa o, SE 2 HOCAT A 1 B[] o

AR R G (1) FE s B2 48 4 (12) /TR
A R RS, BB IE ] RGPS A
BRI a5 | B,

EX 1 s (12) ik iy — s 48
A AT AR B )AL x,(0) e R",x,(0) e
R x, = f(x,%,),%, = f,(x,,x,), Hb f.(x,
x,) = [f(wy,m ) (2, 20) e fo(xy,,20,) 17
(z=1,2), 5%AY K v=[v,,v,,,v,] (v, >
0)ME ke REZEFIRM, B 2X TAEEMN >0,
x, eR" Flx, c R EA £ (9", 0%x,) =9""" -
So(xy %) ,0=1,2,- n,

518 2 fi(x,,x,) = [fi(x,.5,),
folwn,m) o filx,, ) 1 (2 = 1,2), 5
Pk v, >0(v="[v,,v,,,v, ] )W ke R EFF
W, BRELS. (x,x,) JE 22, H %, (0) =0
x,(0) =0 &AM Fa e VA 0L, 4 A ST IRE
k <0, ] Z 58 4 Jay 3 LA BR A B) A2 A

AT AR S R T R i R 4R 4 (12)
I 22 A5 v R P R AT A A B A (] I () 35 i ()
AU Ry —A> Z B i A2 i BERAS R, B R AT 4
BLEFR P 20 R 09 28 R 1A 3R G2 A B B[] — Sk )
R, 452 T RO fin 2 45 A E B A BRI A] R

EED FXF(1) ek m &g, % Rk

U~ B3 B, 4k (12) A 66 AT 55 1 H R
2 W B 515 7 R e 840 O, L 45 A 5
AT 3 0 AR X B 5 2 1A IR B4 0.
SERD g SRR SR 2 M R N en =
Yoo, —x), et = Y e (- x) o W w, ]

je N jeNF*

Blawi R Ny
w,, =—1lsign(e) - Lsign"(e?) (13)
A X, =[x, %, 5, ] X, = (2,00,
0y, 1 MR ZEHE A HE— 2 R R
{ex1 = LX, (14)
e, = LX,

f B LR B R L ok OE R
Yo AR ST A BT, 4 0 =B, <B, < <B,, I
H B, S R B 37 I 1 R A AR, IO A7 AR — AN IE 52
R Q = [1//n,Q], 13 Q'LO = A,A =
diag(B, ,B,,,B,) % X, = 0'X,, X, = Q'X,,
Me, =LOX, e, =LOX,. %% %, =u, H
w,, AT ik — 25 AR
X1 =0,
. (15)
X, =-1,0"sign"(e,) - 1,Q"sign"(e,,)
Aorp s X O IE 2S4S M5 AR A R B, =0 B Ad I 1
AT ROIRAS 5 X, 0F 3878 45 H AR5 AIE (8T X 1o
(9 RATROIRAS o 7 A0 RS 15 9 1 25 g T 1) 32 518
(g — S0Pk ) R, 5@ R R A S Rk, H
A1) H R 1 2 AT 28 B0 40 il — B3 2
S EXY AR — 5 2 s XL d, R (1)
S 3 15— B0 1) B0 AT DL A A E R — B 2%
i X0 R T A

BEIR Lyapunov & 541 -

‘ ‘a,y+l
exl

V(1) = %XgLXZ .1, (16)

a;, +1

e, HR12) Y a, 25 MR
5 (1) A= (13) %X (16) 5437l 17

V(1) = -1, X)Lsign" (e, ) - [,X)Lsign" (e, ) +
(e, |“sign(e,)) e, (17)
BT B >0(i=2,3,-,n),¢ =e  4iH

A (14) , H X (17) ] ik — 2B Ak

V,(1) = -1, X)Lsign" (e, ) - [,X)Lsign" (e, ) +
(e, |“sign(e,)) e, (18)
thitre, = LX,, %V, (1) = - [ XILsign" (e, ) +

L (e, |"sign(e, )", , W4



2110 b5 M = MK k% F M

A 4R

2021 4

I./11 (1) =~ l1X;‘LSign“i(ex, ) +1, (Signat(exl ) )TLX2

(19)
E% l./ll(t) :Oo
2 V,z(t) = - L,X,Lsign" (e, ), v e, =

LX,, {3
I./12(t) == lzeIZSignhi(exz) =
- 1, (sign(e, ) ) ‘ e, " e, |"sign(e, ) (20)

ARV, (1) <0, ALY e, =0,V,(1) =
0, e, =LX,, 57 X, =0, 254 (17) /[ Hl e, =
0, AFE X, =0, |F V, (1) =V, (1) +V,(1),%
AALY X, =0 1 X, =0 [ o7, V, (1) =0, #
it LaSalle A2 LI (A X, =0 F1 X, =0 i,
AT 5 4 R W R . S AR 5 T 2,
E A R A PR A L B S BT R G 1 R R

B fi (w2 = wy fo (3, xy,) = uy,,
2 (14) 3 912 R 56wtk Hy
VWm%)zﬁ
fo(x2) = u,

WIESIFE2, v, =2,v, =1 +a,,k=a, - 1,
4

(21)

fl(ﬁwx]mﬁvzxzi) = 9%y, (22)
S (9%, ,9"xy,) = 1, z sign” (¢, (9w, — 9'w,;) )+
jen

[, z sign”‘(clj(ﬁvzxu - 9%x,)) =

je N
2a: .
[0 Z SIgna‘(cij(x“ - xlj.) ) +
Jeny
bi(1+ap) .,
1219’ o Z sign (cij('xzi _x2j)) =
je N

ﬁvzwfz(xli’le') (23)
B SO 1 AT, (1) 3R 1 Z i v 7 R
KiIrA R ESWAEY K (2,2,-,2,

L+a,l+a,,,1+a,)F k<0(k=a, -1)%

SR g E 2 A R G AT BRI ] Y S E
0, I BE
E2 VR T AR SR R R
FesE ARG C A RE I 2L 2K, & IRIE R FAE A RIS
WS, B 1 BERE RE ] T AT & 5 H A5
FR NS B 5 ) £ A BIR IR 1] A B8R O, fRIIE T &R
GERA BRI ] AT Rk
2.2 REEEHESRIT
S DRAIE e P AT 4 RE A8 1R AT BRI [ P
o B, A S A BRI ] BEOE A AR R ] et
T A R AR A Y T B R A O B T

R fria WD RATAE 7/ v B 20 < I S 7 1S o =7 A
FRRZE J7 o A A A7 BRI [ e 4
3.1 e R T R AT SR AR A
R I 1] Py 52 B 0 W] i B AR 9 B R, AR
K (10) H A F R B 4 -
X, = X,
{x'M =Ax, +Bu, +D,
XA, B, M3 D, a] DL (9) 1535,
Ry AR A 3 B WS, 1 it PR TR] T

(24)

s M
s, = x;, + k,sign"' (x,,) (25)
K.k, = diag(k,, ,k,) k, HIEEHEFE;1 <u, <2,
XFa(25) 35K &l 1%
5:,' = Jé3i + k,u, diag( ‘x“z "‘1’] )x.4i z=1,2
(26)
SR A ) 5 28 9 A RE PR SESC B, g R R
s'l. = — k,s, — kysign**(s,) (27)
K. k, = diag(k,, ,k,,) ,k, = diag(ks, ,ky,) ,k,
il ky BN IEEFHFE0 <, <1,
BT B AR, BT PO AR A
;ﬁi -k s:plkldiag( ‘296412 ‘ﬂl’l)si B
2¢

kokdesp ke, diag( | x, |17 ks (28)

ﬁEPZdIER;ks = (ksl’ksz)vr,ksl >0,k >05k, >

05k, Kk, A5
B A R A 4w, h

U, =- Bi_l Ax, + (,lekldiag( ‘x4iz ‘#'71))_1 .

~

k.s.
(kys, + kysign™(s,) +x,,) +2‘—¢s; (29)

E3 O BEXE—A B RS E Y I AZ I Bl I
D, A5 5t — A [ 3 T H0UL I A R UL
SIS, HATR 2 KA R SCR R an S
HR[9-10,21-24 ] 45 4 30 4 I 3l 47 K B9 52 i, 51 A
TSR, HARABMMER R T M, m
3 (28) ik iy WL 2 i T B A 51 AT 5 R B,
D aH B T A o R R F IR T

h S BR A AR R WL B, AR 1 AR Al A R B[]
AT R, 51T R Ge PR Wi S i i, 9
B T A B P s, BRSPS L SR
AN RE RIS, Bt 1T A 3 T UL I A A S
T, IR AR GEAE A R RS, ¥ ST 4 A
KoIHE,



55 10 3]

JETE 45 A b B v R A AT A PR [R] B ] S A i

A AL
-

3138 3 fE7E V(1):[0,%) e R, A&
FEE V(1) < >0 N
V(t) < e () V(t,) + fr e’a(H)f(T)dT, Hia

—aV(1) +f, Yz,

NHHL
B4 HAEAE SR E RV (1),

-V (¢),
s,

Eiﬁn>0mﬁ<1@ﬁVU%<
RGAEA PR BT R Y 8 3] F i A,
V(1)
n(1-8)°

S35 AR — LI E REL V(1)
HAEE a>0,8>0 0 <p <1 fHEBLEY >, &

TR, V() < —aV(1) -pV (1), W R G445 B
6] i S5 3 A5 5, R B 6 W R <1, +

L (V" (1) +8)/8) .

all —u)
%IEE 6:32] %ﬁﬁﬁ@( a,a,, 0 ,a,,q j,:,E

R0 <p <2, (iaz)P < (Za,) ]

EHE2 AEBE 1 MG 2 Bar, WA
PG 4wy, AT (24) 138 1 ) S R4, 1E
2 (25 ) A 11 T 52 1T P 1 3 7 L U 5 (28) 1 4
RN 28 G0 B0 3 S AE AT RN Te] i 8

<t +

~

iEM é\"D,||w < Ap sk :A;i’;i =k, —k,,
B Lyapunov BRELAAT :
1 1 1 5
Vz(l’) = jsi[si + Ekf (30)

i) MV, (1) R AR

V(1) = kizéi k, +s's, =

4
1 - Z . .
?ki k, +siT(x4i +[.L1k]dlag( ‘x% ‘“'_l)xm‘) =
4

1 i iﬁ T . w1

i i+ sk diag( ‘x4iz‘ -

4

. ];isi

(—sti “hsign®(s) D= 1) (31)

A4 5 (28) fR AR (31) il 78
Vo(0) == stk diag( |x, |“7)k;s, -
S;F‘/-leldiag( ‘xm "“71 ) kysign™ (s;)

k.s
moty 2L
24

sk, diag( |x,. ["7)D, +

svil‘ﬂ’lkl diag( ‘ Xy,

l;i s ik, diag( |x,, |"17")s,
[_k“( 2y° )

4

Kk diag( | o, |97 E, ) ] <

2
-1 —
Siz

X4z

2
M z LIS
=1

2
M Zkhklz‘%m mp=l . pot 1 _
z=1
’ T2
o S
Iu’Z ; klz x4[_: M W
2
K z ks X 4iz m! S 1Ani ~
P
2 ;;l 12
Mlzk” g, |17 ] ziﬂz +
/"L] 2 klz x4u M- k k
icisi
My ; klz x4i; wp-1 ( —kz__S?__ —k}z 'S[z po+l Zl/jz
2
S 70
Si: Ay - 21/12 + kikiks,-) —
2
Ko Z ks ‘x4iz ‘Mrl ( - kzzsi -k, +
=y
kisi,
s[4 _er,/ _kszkb +kkk ) (32)
; SkX K
P lslAn <5 lﬁ*kk S 4o,
) 2‘/’ 2’ 225
.0 <6<2, kAl fs
2
V(1) <, 2 k| x| [_ b —kﬁz(l —%)kf )

2

25 51 %] :_MIZ‘I(klz
2

/‘le Cky. x4i~_‘“l']k;)(1 _i)
=1

2
/"leklz
=1

py-1 2y
xAi:‘ hy.s)

2

k: 2
By )<

Xz

min (2,u,,k

w-l
X4iz ‘ ks. s

1z

4,u1k4(1 - %)ku

M 2 k| x,,

"kﬁz)l/z(t) .

"1( k§ ¢2)=—nV2(z)+T

2
(33)
2 kz Lp.z
- _ RRUTY —
A7 o= 'u”; (klj‘xu: ! 25k5/ +7)’77 B
min (2 Mok, ‘ Xy ‘M_Ikzz ’4/-L1k4( 1- %)klj ‘ Xy Ml_lk;) o

MR AT Ak BEAG | E 3, thoX(33) ] IAR



2112 b5 M = MK k% F M

HeA 5 4

2021 4

BB BNIR 2 k, (0 HUE
55 UE W] F G0 AE v BT b A B R R
PEHLUNT Lyapunov pR%K

V(1) = ;—s;rsi (34)

Xt (34) R—Br iy, 45 G 30(25) (K (26) |
X (28) K (29), [ F+

Vs([) = s'il“s:i = s;‘r(xu +u k, diag( ‘x“z ‘”171)3‘;“) =

sk, diag( |z, |7 ( —kys, - kysign® (s,) +

~

ks, 2
D: - 2{//2 ) S z{ k. X4iz et ( - kZzS?z -
b, 127+ s = 5t (35)
ks’ 2
R/ N N .
HF s [An < 20 o A (35) A 15

2
V3(t) s oy z k.. ‘xm ‘M_l ( _k2zs?Z _sz‘siz‘MH +
=

24 2 2y -
r ”
(_ husi = ks |s, | + 2wt 7) =

2
ny-1 _ 2 P!
1231 2 k. ‘xm ‘ ( ky.s. = k. ‘ S, ‘ +
=i

2 ) 2
XiSi. - Xi 2
L E LT | == k SR AL, T -
2¢2 ) ) My ;:] 1z ‘x4i; ‘ ( 2 21#2 )Slz

i ; kl/ ‘ X4iz ‘M_] (k3z ‘Sil
Kooy, AR 2ZE M FE,

o
2) (36)

SXio % ky >

;

1

Xi llfz w2+ T . N NN
2 > () sk 6 iy

2

Vi(t) <-p, ;klz xm‘”‘*l(kzz _ZX?)S
2 l/fz

My ;ku‘xuz #lil(kh - W) $

2
—,ulmin(kl_, ‘xm ‘”l_l(kh - Xitz)) 2 Si -

p,lmin( k,, ‘ Xy, "‘"' ( ks, — 2

W58 6,30 (37) il 4L N

V(1) < —,u,lmin(k,: ™ \"“'(kzz _ X

2

pmin{ b, 17 (k= 57 5] )

+1 p3+l

2
( ‘Siz‘z) =—w1V3(t)—w2V3#(t)
=1

(38)

A o = 2M1min(klj‘%z;‘m_l(kzj - /\;2));

2

2
2 ‘S;: ‘MH) -

SIS, AT R G AE A R TRl 85 iE B
2.3 KEMRAORENIKA

W22 T, BT LA B A R 4 A uy, .
AR T M S AT SR LR R G A R
K RAT AR R AR, HE— PR A

VA0 TR A R O S TR

meo W
w, =27 Mlmm( E ( ks, -

')}divi
n,; =
£ (39)
Yni¥i
Ny = ——
g

2 W BH 8l R B 5 il i A
i i3 5 (40) R 2EHATF

CLiz]iSi = 84/ n?i + n;i (40)

K 1g, =0.5p 0] LRl M
{, = arctan(k) (41)

3 HERE
AN 18 3K AR R AT SR R —

Fbs AR AR 3 3, 8 2 ik 1T 3 Mo B A /Ay
o R A5 AP A5

M2 =M Al T A E i s EE
Fig.2 TIllustration of communication topology for three

hypersonic vehicles
3MCRATAR MW R BRI R 2 PR, B A 2

-1 1 0

LA PSR TR L =] 1 -2 1
0o 1 -1

il F AL S EGEE: ], =80,1, =10,a, =0. 64
(i=1,2,3),b,=0.8(i=1,2,3), 2.2 4+,
K (25) ~0(28) IS HGERIL: k, = diag[1,1],
k, = diag[2,2] k, = diag[2,2] ,k, =0.2,k,=[1,

0o 2.1



55 10 3]

JEETRE 26 A b B g R AT A A R ) B ) o) S e 0T

At AL AR

=i
-,

31" =2, m, = 1.7, 4, =0.3,
3 M R A AT T R ARSIk 3
fi s o
x2 ZHEEBFRETRHNVERS

Table 2 Initial state for three hypersonic vehicles

AT h(0)/ v, (0)/ n;(0)/ Ay (0)/ 0,/ o/ Myl i/
i mo (mesTh) o (9) ) ¢y
1 15000 2100 40 4 0 35 2 1.5
2 16000 2300 43 5 0 40 2 2
3 15000 2200 38 6 0 36 2 1.5

R3 ZHEFBEETHRRS

Table 3 Terminal status for hypersonic vehicles

. {2 G LT 1 R e 114 K/ o R/
AT 0 -

s s (m+s™) (m-s77)

1 1.2 11.581 4 2 301 29.418 1

2 1.2 11.581 2 2 487 -32.6137

3 1.2 11.581 1 2 475 19.127 7

BAE AT EANE 3 ~ 1819 Fis, Rk 1 3 KOs
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Fig.3 Velocity of hypersonic vehicle
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Fig.4 Attack angle of hypersonic vehicle
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Design of finite-time cooperative guidance law for
hypersonic vehicles in dive phase

TANG Bo', XI Jianxiang'*, LIU Taiyang’, LI Bing’
(1. College of Missile Engineering, Rocket Force University of Engineering, Xi’ an 710025, China;
2. Air Force Early Warning Academy, Wuhan 430019, China;

3. The First Military Representative Office of Rocket Force Equipment Department in Xi” an, Xi’an 710025, China)
Abstract: Focusing on the problem that multiple hypersonic vehicles in the dive phase attack a stationary
target or a slowly moving target, a cooperative guidance law with Line-of-Sight (LOS) elevation and LOS azi-
muth constraint is designed based on finite-time theory. Firstly, the guidance process of the dive phase is di-
vided into two directions: horizontal and longitudinal. Secondly, in the longitudinal LOS direction, the relative
position difference and LOS velocity difference are introduced as errors into the guidance law, and the errors
come from the hypersonic vehicles participating in the attack and their neighbors. Finally, in order to achieve
the convergence of the horizontal and longitudinal LOS angles, the finite-time sliding mode guidance law is de-
signed, and the upper bound of the time-varying disturbance is estimated by the designed adaptive disturbance
observer. The finite-time convergence of the proposed cooperative guidance law is proved by Lyapunov func-
tion. The simulation results show that the proposed cooperative guidance law is correct and effective.
Keywords: cooperative guidance law; hypersonic vehicle; finite-time theory; sliding mode control;

adaptive disturbance observer
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Investigation on aeroacoustic of tandem double cylinders by
K-FWH acoustic analogy method
CHEN Wu, ZHOU Yi~

(School of Energy and Power Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract; To study the intrinsic relation between the aerodynamic noise of tandem double cylinders and
the large-scale vortex shedding behavior, we carry out large eddy simulations combined with the K-FWH equa-
tion. Firstly, the high-fidelity of the numerical treatment is verified by a comparison with the corresponding ex-
perimental results, and it has been proved that the combination of Wall Adaptive Local Eddy (WALE) viscos-
ity model and K-FWH equation can accurately predict the distribution of noise spectrum density under different
frequencies. The numerical results show that the vortex shedding frequencies of the upstream and downstream
cylinders are the exactly same and the large-scale vortex shedding prove to be antiphase shedding. The mean
surface drag coefficient of the upstream cylinder is larger than that of the downstream cylinder, but the pres-
sure fluctuations on the downstream cylindrical surface are much more significant. The main contribution of the
aerodynamic noise generated by flow around tandem cylinders is the dipole noise term (i.e. effects of the in-
stantaneous pressure on the cylinder surface and the time derivative of the pressure) , in which the time deriva-
tive of instantaneous pressure is the dominant component of sound pressure. The physical correlation between
the instantaneous sound pressure and the lift and drag forces at a selected observation point is also explored. It
is shown that the instantaneous sound pressure is mainly dominated by the sound pressure generated by the
downstream cylinder. Owing to the influence of the upstream vortex shedding on the downstream cylinder vor-
tex shedding, the downstream lift coefficient spectrum and the total noise spectrum exhibit discernable second-
ary peaks. Furthermore, by the Hilbert transform, it is found that the acoustic pressure strength at the obser-
vation point is not affected by the phase difference of the upstream and downstream vortex shedding. This re-
search contributes to the understanding of the reduction of the aerodynamic noise of tandem double cylinders
and sheds light on the engineering noise reduction.

Keywords: tandem double cylinders; aerodynamic noise; large eddy simulation; K-FWH equation; vor-

tex shedding
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Table 1 Information of measured gust velocity

exceedance data

RHLEYE RATHE i/

H LIRSS - X il
KSSU B747'2! 24 358 121 893 56 747 773
A320(22] 10 066 30 817 13 052 670
B737-400!% 11721 19 105 5 244 686
B767-200ER?*! 1285 9 164 3 798 859
FAA  B777-200ER%’ 10 047 67 000 30 502 553
BE1900D %% 903 585 136 440
ERJ145XR[?" 47 273 88 305 34 747 170
MD82/83!28 3978 7120 2 672 975

H::1n mile =1. 852 km; B747 {4 J5 4f B85 DL 3G 8 5L AN 1)
ERXAH, AFREROSHEI BT R 0. 18g, FH/D U, 8
B AN THEOEARHE , A8 SOR 2 43 B0 B .

&AL KSSU A i (¥ B747 18R i3 5 3 +4F 1Y
S B R FAA AR T A S TRHL S K
P8 PR AT 2 X SOk, X S RO R
75 3 SRR AT B A FEL O S 38 A R e X
S 35 VB, 3R T WL I Rk - ) 7 i
TR

B B 1 bR R R R BB R AR [
DA R I (2) 7 D5 0 0 o ) b g R
XL B 3 U 9 S B0 B U, K
Mk, e 1 iR (1 ft=0.304 8 m) .
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K (5) PR LA SHGEU -G A 2 2015 345
E U, T u.o:
lg AN, =u +u, o (5)
A cu, APRUETEZS ST AR f, X0 4 23 a5




db A R

e 3 |
510 St 5« SR O 5 4 R LML 2131

PR AN T S0 Kl ) 2o AT B T REAFAE 22 BRI B B e B S el /) 5 R AR
5, FEUN U A TR A LE SR TR S5 0hRts Bl B A AR AE LA AN I — e 5 IR s Y
DUAE ,ARSCLA U, =5 /s 82060 AU, =1 /s, 0 AR R B K B U, A9 3 K B Ky
wo BRLE SR BIINE 2 B, aTULREXGE B BOMEdL A SRR 3

100 100k
102f 102F
= =
- E
10 esesce 107 ¢
1090 20 30 40 50 0 70 0% 60
U, Kfts) U, Afts)
(a) 0~1 500 ft (b) 1 500~4 500 ft
10!
10k
= 10°F
F
10-F
1079 10 20 30 40 50 60 07 10 20 30 40 50
U, [(fts™) U, [fts)
() 4 500~9 500 ft (d) 9 500~19 500 ft
10!
10°F
2 L
10k
107
U, [(fts™) U, [fts™)
(€) 19 500~29 500 ft () 29 500~39 500 fi
—« ERJI45XR  —— A320 . B767-200ER  —— B777-200ER
B737-400  —— BEI900D MD82/83 —— B747
B 1 U, R £ %
Fig.1 Family of U, exceedance curves
0 2
ob
4l
= o 1r
4
( AA
8t
0 5 10 15 20 25 30 35 40 45 50 0 10 20 30 40 50
U, [fes) U, A(fts™)
(a) XEHP L (b) X EbrifE 20
0~1 500 fit 1 500~4 500 ft 45009500 ft
— 9500~19 500 ft 19 500~29 500 ft 29 500~39 500 ft

B2 P XU BE BB o HUE 4R

Fig.2 u and o fitting results of gust velocity exceedances



2132 b5 M = MK k% F M

A 4R

2021 4

2 HFREE A B E R BEXUE T IR
St

45 G E CHLEE H 4 9 T, SR A Monte
Carlo ﬁ/ﬁ*ﬁ?ﬂ%%ﬂﬂﬁ*%Iﬂﬁmﬁ’ﬁﬁmﬁfﬁ
T - ) Dy A, SRS B L A, AT L
ST Y R O E T S o A, B
WA DXL i B 453475 7 B
2.1 RENBENMESR U, BEHHE

BT R 55 ) ww, d B —AE 5 B, R
Monte Carlo J7 & AiFE A2 AT 55 B U, B 26

BB AR MARHEEZS A B BEDLEL w, ~
N(O0,1),

FB|2 RIEF B, dis(5) 185 u,

XN A8 E Uy T AN, I 2 Bt $ 1 5

N, _ZAN — &l (Uy, V) Bdle X3 13 2

fiigH U, Eﬂxﬂlﬂﬂ%
AN, = 10" (6)
B3 OMRAEAL S By CAT IR B K RAT IR
B R P L U B OO D R e N Y U,
AR 2K
TR WITAEFE, EELE L ~ DI
3,493 T U AU Y B A A XL 5 R
He-mf ) P A
2.2 HEHRGIHE
R FHE A5 07 2R B T 5 B XU 315 11 24
ST, A M B T A e O OB AT PR A T B
Jok sty , ik — A RIS A P IR
FBL (L) B XU 36 = U, i
B0 FE G B + An
FW2 F I ROR 20K, 5 (7)) Rl g
WA (L = An, 1+ An) 375 0 ik 3h 418 30 2 2, 9F
130 (8) THIAE 55 B @ i 4 d.,, , 9E— 2B SR FI 4%
I B YA AR Y 2 1 25 A5 D (R SO 24 B4
Pafaic i) -
e = M (M = 15,
n.. =k(1+An) (7)
n. =k(1-An)
qu kARG Bt 5 WAL 2 b,
d, =n"

= Y d.AN (8)

D=3d,
K em NGRS A MORE BT TSR A O

H 98 55 g ff o, W T ER S A bR AT U 4
2.3 MGoEESH

78 ey 1 B0 Al kA iR e DR
KT BSCTE 2543 A L g AT R 3 A FH AR Bo A #E AT 4
A R PR

1) XEES . 2% 1.2 125 R
Gt EEe 193] g D X 2 5050 R A8 f, B o
Mow, s (lg Dyu, ) B X AT 26 M40 R 20 (5) fr
B TE (lg Dy, ) B XA O R 8 2t
1153 A5 i PR 6

2) BAR R e WS B A R 4 A
K (9) i, @it (gl 1 - 1g(1 - £) 1,1g D,)
B X A 56 R r BT A AT RE PR 5
lg[1 - 1g(1 -f)] =algD, -algp (9)
Ko, B WS HUBAT IR 5315 19 53 1 S50

3) fa¥sr i, HEE \%ﬁﬁnfc(lo)ﬁﬁﬁ i
IR (lg(1 = f), - D) s X A& R4 r
1153 A5 R PR 0
lg(1 - f) =-2AD, (10)
oA o A LA A T R R R R

FL#5 3 Bl oA N B AH OC R 5, mT B B XL 2
o7 A58 3 014 3 A1 R

3 = B

W IR o 33 A0 401403 5 ROMIL s A0 0 ol O X
KL AR SCLABR I A400M K AL, B P3C K AL AN
B767-200 &ML A1, HE AT B IR A7 335 04 524 43 ik
PR o
3.1 EA#%@E
3011 ERA kM

Z% SCHR31 ], A00M K AL (JEA S HF T
26 2) By LR AN e 3 BT R R K AT IRECH
3077 .,

VI T 4 T 55 B RATIE S 2, KR S
BOEAAK, G IR 1 AE 55 B Il 3K S i 1 3
AME S5 B R 4 AT 55 Boar il A oF  Horh /AT
PRES &, R S 80% AT B AL 1,

H 2 (1) K545 /8 25 3 (n mile - h™") 355 0 4 i

2 R (12) 15 €Y R R 4 TR
v, =0, +v,

{y' I (11)
v, p

Ao, WY ESH v, HIE R H 0, WES M

v, NIEGVEE i (] & R RS ) o

C,, =3.239Ma*> - 1.149Ma + 4. 742 (12)



AL AL

_|‘| N2
%5 10 B R YT, A < B XA 335 09 4000 70 B BT 5 LWL 2133

R2 AWM KHERSHE
Table 2 Basic parameters of A400M aircraft

SR Hg/m KE/m @E/m PLRIEA/m® AT kg

B 41.4 42.0 14.5 221.5 66 500

R 3 A400M KA EL A {FE BT
Table 3 Typical flight profile of A400M aircraft

=% TR A H/ R/
1155 B Jt/ kg Ma
(10° ft) (n mile -+ h™") n mile
0.25 137 615 324.1 0.286 0.3
I 0.48 137 103 333.3 0.288 0.3
eFt 0.70 137 103 342.6 0.288 1.3
1.2 137 103 370.4 0.34 1.5
1.5 137 103 407.4 0.342 9.9
e st 6.0 137 103 407.4 0.370 51.9
20.0 129 250 463 0.547 74.6
30.0 121 250 472.2 0.68 1 044
A 30.0 107 000 472.2 0.68 721.4
30.0 102 588 472.2 0.68 1079.4
20.0 102 588 463 0.54 72.4
T 6.0 102 588 407.4 0.3 11.7
1.5 101 910 325.9 0.277 3.6
- 1.4 101 910 262.9 0.229 0.5
1.3 101 910 262.9 0.228 0.2
0.65 102 588 262.9 0.225 3.8

DAy IR AV 2 a8 A X e DX A 335 45 A3 0 A P
S OSCHk [32] v P3C KL (3R AR B 08 T
% 5) AT 55 B BEAT 0 A, 2 A0 BRARAT: 55 B R
F 6 R s 4y WUWIAE I A7 iy 1.8 x 10° f™
(fh g ®AT/NIE) XS 1 782 64T .
®4 LK AWM EHERHE
Table 4 Simplified flight profile of A400M aircraft

R HE i/ v/
2 S o Cla
(10° ft) n mile kg (m-s ")

1 R 0.87 3.4 137171 97.9 4.70

2 et 1 1.5 9.9 137 103 113.2 4.73
3 et 2 6 51.9 137 103 113.2 4.76
4 JeFt 3 20 74.6 137 103 126.1 5.08

5 AT 30 2 844.8 117 872 127.0 5.46

6 WHTFH 20 72.4 102588 128.1 5.07
7 EMTFRK 6 11.7 102588 113.2 4.69
8 i 1.089 8.1 102211 80.8 4.66

x5 P3ICXHEBXSH

Table 5 Basic parameters of P3C aircraft

28 FE/m RE/m mE/m PLEER/m® 665 T ke

B{H  30.37 35.61 10.27 120.8 27 216

3.1.2 RJAEAM

S HR[20] L B767-200 kAL (FA S5
TR T) WAE AR R AL LA AR, 24 HAS
RS BESEINR 8 s, B RATKECh 5 10" 1K

F6 PIC KHESRARNSHE
Table 6 Typical parameter values of mission

segment of P3C aircraft

o 12 XV ¥ v v,/ ‘.
(10° ft) n mile kg (m-s")

1 et 1 8.9 134.8 61917  108.0 4.77
2 g1 17.9 717.6 58086  107.5 4.87
3 TR 11.9 73.2 54642 133.5 4.96
4 HR 6 575.8 51804  128.6 4.83
5 T2 3.5 34.7 49088  133.8 4.83
6 ik 1 270.8 47 875 154.3 4.90
7 JeF2 16.3 192.1 45911 106.6 4.84
8 M2  31.7 1071.6 41691 118.7 5.41
9 T3 15.8 37.4 38223 132.0 5.03

£®7T B167-200 CHEASH
Table 7 Basic parameters of B767-200 aircraft

SR Bg/m KE/m mE/m PLREGHE/m® M E ke

BAE  47.6 48.5 15.8 283.3 80 423

*8 B767-200 ¥HESRARSHE
Table 8 Typical parameter values of mission

segment of B767-200 aircraft

(% B B/ B/ e/ v,/ ..
(10° ft) n mile kg (m-s")

1 EE 0.87 2.7 111132 95.2 4.68
2 wmeERd 1.5 7.8 110 678 128.6 4.80
3 et 6 66.0 109 318  151.2 5.20
4 A 20 249.0 107 503  152.3 5.98
5 WIHTRE 30 60.0 106 142 182.1 5.57
6 TR 20 7.1 106 142 128.6 4.80
7 B2 6 4.9 106 142 83.3 4.66

3.2 BERBLEIERG SIS0
3.2.1 A3 & &R

2 L8 B /N o BE B R RAILZ5 44 75 i 1) R ) ]
W AR, U, =5 fi/s 2 hG AU, =1 fi/s it
FRE XA o 430 T A400M (P3C (B767-200 )
i, 5% F Monte Carlo J7 3 BEMLAHEE 5 x 10* ¥k, 15
BAMLREAR B3 AN & 3 R, e IR E .

i 5 AL 8 A T #5028 A 33 450 0 A AR 0 31
3 B A AR O R - 3R 9 iR, 4
B2 B, 2565 T 5 R FH O B30IE 25 43 A T LU AT b
AR B R Ao 3 B B 43 03 A . R B A S
B (e pr0,p) 91T 3R 10, 0 HUEE 0 F 15 B R4
ik D, = 10"7 5] F 3R 2 1% 51 45 10
Xt BObR e 22 o, , 509 0. 175 .0. 287 0. 161, F
G4 R 1.00 x 10° 2,19 x 10°.9.75 x 107,
5 A400M ,B767-200 #H kb, P3C #4310 43 #CPE B
AR, AR CATHE B & AR A G
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15 F 11 A400M WHLE ZERIGG 9 A IER T
2L § Table 11 Distribution characteristic test of load spectra

\\§§ damage of mission segments of A400M aircraft
- 9F RN
= \\\\
= NN !
~ Q\\ =179
6F §§§§ 5B FZ)’; . MEGES MR $5 8
!§§§§\ A w
: §§§§ iy 0.87 0.999 0.957 0.91
N AN Test 1 1.5 0.997 0.95 0.884
) el 2 6 0.998 0.968 0.99
Te7} 3 20 0.999 0.956 0.918
WA 30 0.999 0.955 0.992
MW TR 20 0.999 0.958 0.959
12r N %6 1.000 0.967 0.993
~§\\\‘ E/EQET j§4= . . .
N 4
5 OF §§§§\ i 1.089 0.998 0.955 0.733
O ol §\§§\§ F12 P3C XHESRIBGIHHERR
\\4§§§§\ Table 12 Distribution characteristic test of load spectra
R §§§§ \ damage of mission segments of P3C aircraft
MM
- =314
gD fE5 B (TZ)’;ﬁ) MBS AR HH
g3 A i g3 At
Test 1 8.9 1.000 0.966 0.989
AT 1 17.9 1.000 0.967 0.989
TIE1 11.9 1.000 0.968 0.993
b R 6 1.000 0.968 0.983
5 T2 3.5 1.000 0.966 0.922
Wiy 1 0.997 0.952 0.866
Te7t 2 16.3 1.000 0.967 0.985
WA 2 31.6 0.999 0.957 0.993
T3 15.8 1.000 0.968 0.989
(©) P3C & 13 B767-200 XHUE S BRI M IER K
B3 L% G4 Table 13 Dlstrll'mt.lon characteristic test of lOi'ld spectra
Fig.3 Distribution of flight profiles damage damage of mission segments of B767-200 aircraft

®9 FERITEHHEILRG S HREERRE

Table 9 Distribution characteristic test of load spectra

damage of flight profile

r

r

e

XBOERS A AR5 A 550 A
A400M 0.974 0.904 0.914
P3C 0.986 0.919 0.989
B767-200 0.997 0.951 0.963

x10 FHIANEFTERGIGESH
Table 10 Distribution parameters of load spectra

damage of flight profile

B4 B :’f{; MEES AR K
bk b 43

1% 0.87 0.997 0.953 0.843
w15 e 7 1.5 1.000 0.965 0.951
et 6 1.000 0.967 0.992
& i 20 0.999 0.958 0.993
IR B 30 1.000 0.965 0.951
T 20 1.000 0.966 0.977
iR 6 0.997 0.95 0.71

LRSS Mg p Oz p D,
A400M 5.004 0.175 1.00 x 10°
P3C 6.34 0.287 2.19 x10°
B767-200 5.989 0.161 9.75 x 10°

3.2.2 MEBERG

R AR TR J5 3 GE v o0 Hr AT 55 B i A 335 4 473
SR NER 1L ~ K16 FoR iR ATE 55 BOF 4 1

.
Al a0

g5 R R A [ 1 55 B At 493 1 F0 43 #80PE A7 7
BB 25, RS B Em S, E2 5 AT
B R Ak s BE R R U, R BB VA G, TR
TTEE BB, U, B O 0B &7, AT 55 By B X
P AT 55 Bttt o0 HIOPE T, 4543 0
P38 5 B & AT 55 B A e BE B 3 g s/ 5 X T
BT 1.5 x10° ft (L5 B, o, , KT 0.36; 1
BN, o, BN BEFBEERT
3x10" ft,o, ,MEE 0.2 AT,
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Table 14 Distribution parameters of damage of load

spectra of mission segments of A400M aircraft

£ B &R/ (10° 1) Higp Tip Dy ave
B 0.87 0.364 3.892 7.80 x 10°
est 1 1.5 0.366 4.505 3.20 x 10*
est 2 6 0.28 3.635 4.32 x10°
eyt 3 20 0.19 4.313 2.05 x 10*
&L 30 0.19 4.313 2.05 x10*

P T % 20 0.285 3.403 2.53 x10°

JE T % 6 0.286 3.012 1.03 x 103
3 1.089 0.369 3.815 6.53 x10°

F15 P3C XHESRIUBFTERGIGESH
Table 15 Distribution parameters of damage of load

spectra of mission segments of P3C aircraft

E5B &R/ (10° ft) Mig p T p Ay ave

eF 1 8.9 0.282 4.44 2.75 x10*
A1 17.9 0.282 5.148 1.40 x10°
TR 11.9 0.285 4.324 2.11 x10*
2%z 6 0.285 5.092 1.24 x10°
T2 3.5 0.364 4.529 3.38 x10*
ik 1 0.373 6.201 1.59 x10°
et 2 16.3 0.288 4.368  2.33 x10*
S 2 31.7 0.189 3.751 5.64 x10°
T3 15.8 0.286 3.754  5.67 x10°

F 16 B767-200 XA ESBRMBFTIERGIHSH
Table 16 Distribution parameters of damage of load

spectra of mission segments of B767-200 aircraft

5B BE/(10° ) migo Tigp Decg. ave
B 0.87 0.369 4.644 4.40 x10*

w1 e F 1.5 0.364 4.774 5.94 x 10*
et 6 0.287 5.338 2.18 x10°
ST 30 0.193 4.564 3.66 x10*

W T 15 0.29 5.541 3.48 x 10°
TR 3 0.362 4.703 5.04 x10*
BiE 1 0.371 4.726 5.32 x10*
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2 A HLAL,

4 i g
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T 11 Xk BB 15 b v 22 U 4> 51 0. 161.,0. 175,
0.287 ., T KL Bh 27 3% 1% XoF 50458 403 4 o 22 (L
0.10 ~ 0. 1710 gt big o $ 7 iy o o 2 11 B AR
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W6 RS HIL B0 2 Ao i 01 245 ) A 118 0 RO
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W XA 3 1) 2 B 0 BOK 5 B A 8 25 TP R AT R
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Damage variation of gust load spectra

ZHU Junxian, HE Xiaofan" , LI Yuhai

(School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China)

Abstract: Load spectrum variation matters to fatigue reliability service life of a fleet. For transport air-
craft, gust load is one of the critical damage sources. To study the damage variation of gust load spectra, two
parts have been investigated. In the first process, gust velocity exceedance measured in service of several
transport aircraft are statistically analyzed based on discrete-gust model. It is assumed that incremental ex-
ceedance of specific gust velocity follows lognormal distribution, and a model of gust velocity exceedance varia-
tion is built. In the second process, the damage variation of gust load spectra is studied. With the help of
Monte Carlo simulation, gust velocity exceedance curves of aircraft in a fleet are acquired, after which damage
of gust load spectra can be calculated. To examine the validity of the methodology, numerical examples are
calculated, in which flight profiles of 3 specific transport aircraft are used. The results show that damage varia-
tion of gust load spectra of transport aircraft follows lognormal distribution and the values of scatter factor are
relevant to flight profiles.

Keywords: gust load; load spectrum; load variation; damage; aircraft structure
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Unsteady aerodynamic modeling of circulation control airfoil

LEI Yuchang'?, ZHANG Dengcheng™* , ZHANG Yanhua’

(1. Graduatee School, Air Force Engineering University, Xi’ an 710051, China;
2. The No.95034th Troop of People’s Liberation Army, Baise 533600, China;
3. Aeronautics Engineering College, Air Force Engineering University, Xi’ an 710038, China)

Abstract: In view of the high coupling of the effects of jet parameters and angle of attack on the aerody-
namic characteristics of airfoils in current circulation control technology, the accuracy of the corresponding un-
steady aerodynamic models is poor. Based on the numerical simulation data of forced pitching vibration of cir-
culation control airfoils, the steady aerodynamic interpolation of the airfoils is realized with the help of Kriging
model. With the help of differential equation model, the linear differential equation modeling suitable for cir-
culation control airfoil is completed, and the characteristic time constant and other parameters in linear differ-
ential equation models are identified by two-step linear regression parameter identification method. The nonlin-
ear influence of high momentum coefficient and large amplitude flow is modified. The results show that the
steady aerodynamic interpolation accuracy of the circulation control airfoil based on the Kriging model is higher
than that of the traditional aerodynamic derivative model. The unsteady aerodynamic model can accurately pre-
dict the changes of aerodynamic force and torque coefficient under different flow conditions.

Keywords: circulation control; unsteady aerodynamic force; airfoil; numerical simulation; aerodynamic

model ; parameter identification
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An improved ORB feature matching algorithm

LIAO Hongzhen', WANG Liang’, SUN Hongwei’, LIU Yunqing' "

(1. College of Electronic and Information Engineering, Changchun University of Science and Technology, Changchun 130022, China;
2. Beijing Institute of Information Technology, Beijing 100094, China)

Abstract: An improved ORB feature matching algorithm is proposed to solve the problem of decreasing
matching accuracy under the conditions of image blur, light change, image compression and noise. First, in
the process of extracting feature points, the image is meshed and quad-tree structure is introduced to make the
extracted feature points evenly distributed in the image, thus solving the problem of feature points concentra-
tion encountered by traditional feature extraction methods. Then, the brute-force matching is used for prelimi-
nary matching, and cross validation is adopted to eliminate some mismatches and improve the result of brute-
force matching. Finally, Gaussian kernel is used to weight the results of grid-based motion statistics to opti-
mize the statistical results and further eliminate the mismatches to obtain the matching set with higher accura-
cy. The experimental results show that this algorithm improves the average accuracy by 3.5% , 4.2% , 1.8%
and 6% respectively under the conditions of image blur, light change, image compression and noise.

Keywords: feature matching; ORB feature; grid-based motion statistics; feature extraction; Gaussian

kernel
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