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Abstract: The convergence speed and the filtering precision are poor when the interactive multiple model
(IMM) filtering algorithm is applied to track the anti-ship missile in S maneuver. Thus a fuzzy logic interac-
tive multiple model ( FLIMM) filtering algorithm is proposed by improving the model probability updating mod-
ule of IMM filtering algorithm in three-dimensional space. Taking relative distance and angle of sight as obser-
vation information, the algorithm assumes that the target moves in two modes: uniform motion in a straight line
and S maneuver. The simulation shows that the proposed algorithm can improve the convergence speed effec-
tively and achieve higher tracking accuracy.
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Table 1 Basic experimental parameters
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CP1 3.57
No.2 3.05 3 VP1 297.5 Ccp2 2.94 40
CP3 3.02
CP1 3.46
No.3 3.05 4 VP1 298.2 CcpP2 2.94 39
CP3 3.10
CP1 3.58
No. 4 2.98 5 VP1 297.4 CP2 3.02 38
CP3 2.91
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Discharge induced by plasma during high-velocity impact on
target plate with gradient potential
TANG Enling* , LIU Mei, HAN Yafei, WANG Ruizhi, HE Liping, LIU Shuhua

(School of Equipment Engineering, Shenyang Ligong University, Shenyang 110159, China)

Abstract: Based on the objective reality of gradient potential existence in spacecraft surface caused by
charged particles in space plasma environment in the orbiting spacecraft, discharge of spacecraft with surface
charging or deep dielectric charging would be induced by debris or meteoroids impacting. In order to simulate
the existence of the spacecraft surface potential in the laboratory, method of spacecraft surface segmentation
was used, different spacing is reserved between two adjacent surfaces, and resistance is added to create high-
potential surface and high-potential gradient as a target in the segmentation of the surface for 2A12 aluminum
plate. Potential gradient power supply circuit system, discharge test system and ultra-high speed camera photo
acquisition system were built by ourselves, and combining with two-stage light gas gun loading system, we
have carried out experiments on high-velocity impact on 2A12 aluminum target with gradient potential. In the
experiments, high-potential 2A12 aluminum was used as the target with gaps of 2mm, 3 mm, 4 mm and 5 mm
between high-potential and low-potential 2A12 aluminum, the incidence angle (between projectile flying traj-
ectory and target plane) of 60° , and the impact velocity of about 3 km/s. Voltage probe and current probes
were used to acquire discharge voltage and current. The experimental results show that the plasma discharge is
generated by forming a discharge channel between high-potential and low-potential target, the gaps with 2 mm
and 3 mm evoke primary discharge, and the discharge current increases when the level of spacing decreases;
the gaps with 4 mm and 5 mm induce the second discharge, and the discharge current does not change signifi-
cantly when the spacing between high-potential and low-potential target increases.

Keywords : high-velocity impact; gradient potential target plate; discharge voltage; discharge current;

spacing of target plate
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Table 1 Comparison of displacement u, and u, results between theoretical analysis and finit element analysis

sh 1 B % w, B % u,,
Fy/N F/N Wi/ pm  ARICHHE/ pm MR/ % HOEME/ pm AT IRICA T (E/ pm AR 8 22/ %

10 -1.31 -1.42 7.7 -0.122 -0.132 7.6
20 -2.62 -2.84 7.7 -0.245 -0.265 7.5

0 30 -3.93 -4.27 7.9 -0.367 -0.397 7.6
40 -5.24 -5.69 7.9 -0.490 -0.530 7.5
50 -6.56 -7.12 7.8 -0.612 -0.663 7.7
10 0.0209 0.0478 56 0.00375 0.007 45 49
20 -1.29 -1.37 5.8 -0.119 -0.125 4.8

5 30 -2.60 -2.80 7.1 -0.241 -0.258 6.5
40 -3.91 -4.22 7.3 -0.364 -0.390 6.6
50 -5.22 -5.65 7.6 -0.486 -0.523 7.1
10 1.34 1.46 8.2 0.132 0.142 7.0
20 0.0417 0.0956 56 0.00751 0.0149 49

10 30 -1.27 -1.33 4.5 -0.115 -0.118 2.5
40 -2.58 -2.75 6.2 -0.237 -0.250 5.2
50 -3.89 -4.17 6.7 -0.360 -0.382 5.7
10 2.68 2.92 8.2 0.256 0.281 8.8
20 1.37 1.50 8.6 0.134 0.146 8.2

15 30 0.0626 0.143 56 -0.0113 -0.0223 49
40 -1.25 -1.28 2.3 -0.111 -0.110 1.0
50 -2.56 -2.70 5.2 -0.234 -0.242 3.3
10 4.02 4.38 8.2 0.382 0.418 8.6
20 2.71 2.97 8.7 0.260 0.284 8.4

20 30 1.40 1.53 8.4 0.141 0.154 8.4
40 0.0835 0.191 56 0.015 0.0298 49
50 -1.23 -1.24 0.8 -0.107 -0.103 3.9
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Method for output displacement solving of compliant micro-motion
mechanism with multi-input forces
GONG Jinliang, JTA Guopeng, ZHANG Yanfei”

(School of Mechanical Engineering, Shandong University of Technology, Zibo 255049, China)

Abstract: For the compliant micro-motion mechanism with one input force, compliance describes the re-
lation between output displacement and input force, and is an important performance index for the dynamic
performance and positioning precision. For the one with many input forces, the relation equation between out-
put displacement and input forces has the same role with the compliance. For obtaining this equation, the
method which combined the compliance matrix method and the motion raw of rigid body was proposed. Firstly,
the whole structure is divided to elements, and the relation equation between displacement and force of ele-
ment end is established. Secondly, the superposition or coordinate relation equation about displacements or
forces of different element ends was solved according to their structural relation. Finally, the equation of rela-
tion between the output displacement and the input forces was worked out by synthesizing all the solved equa-
tions. The output displacement of a micro-motion gripper was worked out by this method and contrasted with
the one from finite element analysis method. The results show that this method has the enough precision and a
good adaptability for micro-motion mechanism performance analysis and optimization. The theory suggestion
about dimension optimization was obtained by analyzing the equation by using MATLAB software.

Keywords: compliant micro-motion mechanism; output displacement; compliance matrix; micro-motion

gripper; finite element analysis
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Failure behavior based storage life test design for
inertial navigation products

XU Dan*, LIN Kunsong, Chen Yunxia

(Science and Technology on Reliability and Environmental Engineering Laboratory, School of Reliability and Systems Engineering,

Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract; This paper proposed a failure-behavior-model based accelerated degradation test designing
method for assessing the storage life of accelerometer for inertial navigation products, which determines test
stress levels while lacking of the preliminary experimental data. On the basis of analyzing the product charac-
teristics and main mechanisms, the storage life characteristic parameters and test stress types are determined.
An accelerometer failure behavior model which takes the material dispersion into consideration is established to
describe the time-varying law. Given the highest stress level, based on the given confidence level and failure
behavior model, a simulation accelerated degradation test design method is proposed to determine the lowest
and intermediate stress levels with the constraint that the upper bound of degradation under lower stress level is
lower than the lower bound of degradation under high stress level. Following the proposed framework, the ex-
perimental profile is designed, and then a best test plan is finally obtained. The validity of the proposed meth-
od is verified by a case study.

Keywords; failure behavior model; inertial navigation products; test design; plan optimization; acceler-

ometer
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Optical image enhancement method in dust environment on Mars
LI Haibo', CAO Yunfeng”*, DING Meng’, ZHUANG Likui’

(1. College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
2. College of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
3. College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract; For dust impact on machine vision of the probe landing in Mars, a method was brought forward
to remove the effect of dust on optical image and provide clear input image for the visual system. First, a mod-
el was built for the dust image. Then, the values of the atmospheric light and the transmission coefficient of
the model were obtained by calculation. Among them, a quadtree subdivision approach was employed to calcu-
late the value of the atmospheric light. The computing method was to search the maximal average region of the
specified threshold area on the minimum image. Then the mean values of each channel on the same position of
the original image were calculated as the estimation value of atmosphere light. And on this basis, the calcula-
tion of transmission coefficient was performed. At last, the recovery of the clear picture was finished. Test on
dust images indicates that the dust image can be restored to clear image by the proposed method. Even in the
complex environment, this method has high robustness to illumination variations, dust intensity change and
scene change. Compared to other methods, this method has better effect in removing dust impact on optical
images and is superior to other methods in terms of the restoring image evaluation index. It can further improve
the clearness of dust images and provide more abundant information for post-processing.

Keywords: image enhancement; dust environment; quadtree; atmospheric light estimation; Mars
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Design method of cylindrical coil systems for generating
uniform magnetic field
HU Zhaohui'*, MU Weiwei'””, WU Wenfeng'*>, ZHOU Binquan'*"

(1. School of Instrumentation Science and Opto-electronics Engineering, Beijing University of Aeronautics and
Astronautics, Beijing 100083, China; 2. Science and Technology on Inertial Laboratory,
Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract; In the field of precision measurement and aerospace, atomic gyroscope and atomic magnetome-
ter have high requirements on the uniformity of magnetic field, while the uniformity of magnetic field generated
by the traditional Helmholiz coil is not good enough for these applications. To obtain better field uniformity, a
method to calculate the parameters of cylindrical coil systems is proposed based on the Taylor expansion of the
axial magnetic field. The parameters of two-coil to nine-coil systems are computed, and the variation trends of
magnetic field uniformity, coils’ size, and coils’ maximum ampere-turn ratio with coil number are analyzed.
Numerical results demonstrate that the uniform region area of magnetic field increases almost linearly with the
increasing of coil number, and the region area where the field uniformity is better than 0.01% in nine-coil
system is about 30 times as large as that in Helmholtz coil. A method of rounding coil ampere-turn ratio is
presented when integer coil turns and the same current in each coil turn are required, and the integer ampere-
turn ratios of two-coil to nine-coil systems are given. Numerical results show that the uniformity of our coil
systems is better than those in other papers. Finally, simulation analysis for the error caused by fabrication
technique in practical five-coil system is conducted. Simulation results demonstrate that both the designed size
and magnetic field of the coil meet the practical demand of atomic gyroscope and atomic magnetometer when
error is taken into consideration.

Keywords: magnetic coils; coil parameter; coil systems design; uniform magnetic field; magnetic

field uniformity
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Distributed coordinated navigation filtering algorithm for
cooperative target by multi-satellite

LI Zhaoming' , YANG Wenge” * , DING Dan’, LIAO Yurong’
(1. Graduate School, Academy of Equipment, Beijing 101416, China;
2. Department of Optical and Electrical Equipment, Academy of Equipment, Beijing 101416, China)

Abstract; A distributed spherical simplex-radial cubature quadrature Kalman filter ( DSSRCQKF ) was
proposed aiming at the coordinated navigation problem for cooperative target by multi-satellite on orbit. The
spherical simplex rule and second-order Gauss-Laguerre quadrature rule were adopted to calculate the spherical
integral and radial integral, respectively, in order to calculate the Gaussian weighted integral in nonlinear Kal-
man filter, and a novel spherical simplex-radial cubature quadrature rule was put forward. Combined with the
nonlinear cooperative navigation mathematical model, the above rule is embedded into the distributed Kalman
filter framework to achieve the DSSRCQKF, in which the satellite only needs to communicate with its neigh-
bors. The consensus estimation of the orbital state of the target satellite is achieved using the distributed data
fusion method, thus avoiding the higher communication and computational burden in centralized filter. The
simulation results show that, compared with the distributed extended Kalman filter, DSSRCQKF improves the
real-time positioning accuracy by 11 m and the velocity accuracy by 0.02 m/s, which verifies the validity of
the proposed algorithm.
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Laguerre quadrature; nonlinear system
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Table 2 Continuation parameters and convergence

efficiency for turbulent RAE2822 airfoil test case
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Table 3 Continuation parameters and convergence

efficiency for 3D ONERA M6 wing test case

o cFL o n t/s AR X B[] 45 24/ %
PTM1 3 80  8864.73 -12.5
PTM2 4 66  7877.23 0
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LPTM2 10 5x107° 42  6231.59 20.9
LPTM3 10 1x107° 43 6074.64 22.9
LPTM4 10 5x10°° 45 6154.65 21.9
LPTM5 5 5x10°7 58  7190.52 8.7
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High-efficiency solving method for steady transonic flow field
QIAO Lei', BAI Jungiang', QTU Yasong" ", HUA Jun'?, ZHANG Yang’

(1. School of Aeronautics, Northwestern Polytechnical University, Xi’ an 710072, China;
2. China Aeronautical Establishment, Aviation Industry Corporation of China, Ltd. , Beijing 100012, China;

3. School of Aerospace, Xi’ an Jiaotong University, Xi’ an 710049, China)

Abstract; The implicit solving approach of steady transonic flow field equals a Newton iteration for a non-
linear equation system. Globalization of Newton iteration is usually necessary in practice in order to fulfill the
convergence requirement. In the framework of homogenous continuation, a Laplace operator based function
continuation method which accelerates convergence of implicit solving of steady flow field is proposed. Consid-
ering that the steady flow field is usually initialized as uniform freestream condition, the Laplace operator is
employed to speed up information propagation from wall boundary to internal flow field due to its ellipticity and
to improve regularity of the problem due to its linearity and symmetric positive definite property. Thus the sta-
bility of Newton’ s method is improved then larger CFL number could be employed and finally the flow field
solving efficiency is improved. Due to the complexity and nonlinearity of the flow field problem, a priori opti-
mal nonlinear solving strategy is impossible to be obtained through theoretical analysis. Thus, the effect of
Laplacian coefficient on convergence efficiency is investigated through numerical experiments on inviscid
NACAOO12 airfoil, turbulent RAE2822 airfoil and ONERA M6 3D wing test cases. Generally pragmatic com-
bination of iteration parameters are also given and the proposed method is proved to gain over 20% saving in
CPU computing time compared with the classic pseudo time marching method under transonic condition.

Keywords: nonlinear equations; implicit scheme; Newton’s method; aerodynamics; transonic;

steady flow

Received: 2017-04-10; Accepted: 2017-07-07 ; Published online: 2017-09-22 10.16
URL: kns. cnki. net/kems/detail/11.2625. V.20170922. 1016. 002. html
Foundation items; National Natural Science Foundation of China (11502211, 11602199)

# Corresponding author. E-mail: qiuyasong@ nwpu. edu. cn



2018 4 3 A
F44 4 H3 1)

tRMEMEKREFR ’]k"ﬂi March 2018
Journal of Beijing University of Aeronautics and Astronautics e 15 Vol.44 No. 3

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2017.0190

jbuaa@ buaa. edu. cn

i 72 742 R R e MR A B 153 R AR AR

1 e N— N2
, AL L

2K ig

(1. He&#b WroeAdpe, dbaw 101416

i =

b /fj’Ej/[:‘27* b

2. BB MIRHEA R, LAt 1014165

RE=, 2¥E

3. dest S RPN, LAt 100190)

Ak B VF 45 ) BURE P BR DL AE %% ) ikt AR (LEMB) y 7 42 % 3K oh 4% T e % o

HumEFEHNRRRBE T E K B b B F ARG o PR TR e e &
Tk RE-—MATmEmAREN Tk, REBBZ M ANTERERZ YT % T %2
HFEBRB PR THRBREELA LT EAREMB, A Ed L RA BB E RS

% 28 (2-DOF IMC) *t % F 347 & #F £ B e B 1 % 25 41 o

MATLAB 7 3 45 R & 9 7 4& tH 09 4%

FEAAREINA R E T REW T2 MAE, L% T RiEm N MR &L X PID H&ERED
57.1% ,% 0. Isin(2mt) °IE % A5 5 36 20 % 0 7= £ 8 1 4% K 30 1B B X X PID B XM D 76% o

*x 8 .
HwE MJHZ%*%J
hESHES. V448.2

%T Iﬁk’h’u\ﬂ: A
S

Bl v O SRl )RR R X K A
APt R A7 o R MOk M R RGP T R
Tl SR Y G S8 T 15 ) 0 RE PR B2 (Magnetically
Suspended Control Momentum Gyroscope MSCMG )
/E\ﬁiﬁ?tﬂﬁ%ﬁﬁ[ 7 S R ORS L

A R TR EE%H IR 3 R AT 8 25 PR
@mgﬁﬁﬁﬁ%?ﬁﬁmﬁ o AT IGEE 4R — A
& ¥ 1% il 808 P R ( Magnetically Suspended
Control & Sensing Gyroscope, MSCSG) F %, %5
ZDL I AS 2% 1 WG %l 7K ( Lorentz Force Magnetic
Bearing, LFMB) 2y Sy 5E &% , i H £ MSCMG X} 4] iy
IR R T RE AL , I RE R BRI K #% FE AT 28
J, S MSCMG 5 SRR R B8 AL — 1R AL, A Bl T 08
MR A5 PR GBI R B FAA .

o e e 1) MSCSG % 32 B SR AU 1 52 Wi
P, LEMB 9K 5y ey e 544 o i 5 3 o, 428 1)
TR [ BRI A AERE 5 5 L Ah, MSCSG # - i

AW ER BRI, BRZ I #HA(LFMB) ; B fki; iR masm; =

XE4HS: 1001-5965(2018)03-0480-09

At ), A RE DAL T DG M R ) SR M LA [R] IR AL
TEE R Teldix 24w AFH] 13 T8 1E 22 80714
iﬁ]ﬁéﬁ%?¥ﬁ?‘ REME it 3 N - m Ay )
BTSSR K 2 9 T AR Tk R 07 4k R 3R
VKRS S LEMB A 25 G B AR, i
THT R A b RIE " R MR b 1A % S
Pt R LFMB S2 B T A HE 1 Kl A 1. 7°
fr i e il o ELGE DL LFMB 3R 5 1 5 - itk
A7 A8 R LA D v s R R e 2 i 2 42 ] F) 0F 5 410
IHER B AR A A, A R B X MSCMG
1Rt i R S 0k A0 4 A2 S HE 91 - AR 53 -1 43 ( Pro-
portional-Integral-Differential , PID ) 35 i) 2.y gk
PE— WK B A 5 48 ( Linear Quadratic Regulator,
LQR) #ifil 5 %" Cholesky 4 fif e Bk I i i
JIN 3R S 1 B s MO L
8o X PID J5 ik Ae 0 i PID £ i 6l 151 A
B2 LI LAAM i 2 30 ()R 5, 2 A 1T A (FL

Wi B 2017-03-30; EABH: 2017-06-09; M4 H R E : 2017-06-30 10:00
W 4& H R bk . kns. cnki. net/kems/detail /11.2625. V.20170630. 1000. 011. html

EE£WB.: EXAKRB¥IES (51475472, 61403396, 51605489)

+ @5 {E#&. E-mail: renyuan_823@ aliyun. com

I K, R, #70, % #EFEHRREELTFHAMBAREHT]. LFREAMKAFFH], 2018 ,44(3) : 480-
488. XIA C F, CAIY W, REN Y, et al. Feedforward decoupling and internal model control for rotor of magnetically suspended

control and sensing gyroscope [J ]. Journal of Beijing University of Aeronautics and Astronautics , 2018 , 44 (3 ) : 480- 488 (in Chi-

nese ).


Administrator
新建图章

www.cnki.net/kcms/detail/11.2625.V.20170630.1000.011.html

%3 1

SR UG | 45 - i 6k T 47 T A0SR B AR I T 5 e R DA A

AT MR
| Mg | 481

B Z A R 3 SR Oy B, AR AR
15 AR % 5 LQR 4% %) J5 3% . Cholesky 43 fif [ 7 J7
B /DAL R B AR TR AR R H B
R, R 5 T T RRSE B UL Oy i 1] LA T4
il R A AR 1) P B 2 A R R L HZ T R
5 2%, R A T AR e 2 LA b s, HUA
VR 7 e TR R 2k

Shy Sz BI04 R R R R I 9 R, B
) MSCMG % i % 42 il 55 12 & 45 28 X PID 4%
AT A A T TR 2 O I Y
FE g T A A2 X PID G ik OB A B T
SEP L E R HLSIVE 22 , X5 415 5 A BR B A7 A HEL
T e 5 Ve RS A 2 b 4 ) LA e R % S 50 4k
A AHRE I A 5, AE 76 78 45 1 D1 e 5 7 P & 5 B LR
Z G BHIR 5 3 TR 2 LI 28 Hb A% 5 1 AT LA o
AN S AR LI B A TE— WS S B S
WA 7 AR EE o PR O 3ok 45 o B 9 TG 3 [ S B
B i RS L TR 2l

5 A R 7 7 2 3 AR A X B T AL AL S )
F7AERB A ) AU i — il e 006 A 8 i, LA )
MG 97 N B R B T R AR SR
ZH BN AS (2-DOF IMC) & —Ff 54
SR BB PR BT Y o A T AR e
S, B, A SCHR B X MSCSG % i 5
V)T i R PR R ) 85 3 e T 5% A R R B O PR
MSCSG 4 1a % — A H EERAS &, R B
P 2 PR AS T 45 XoF i A 1) B 1AW i R e AT PRk
M Ji7. B4 ] o

1 MSCSG BT RmEs HFEER

MSCSG Z5f a8 1 v s, T2 B BEIR b7 |
HHEEIR B7 T BE R D7 R AALALOE B T AL E e

Ayl i A

(AL As i

PSR

A Il e R AR ) R Al R AL RS AT TR A R
K1 ef, L MSCSG B T Bl 0 5t g Sy i 1
AFRFR O-XYZ , Hor, 7 4G 0] % 1l ), % 710
0 A 3 MSCSG # 7 F gl il i 4l
0 235 A 114 2% 1) T Tl A Rl 1) R R S BR,  fel
M AT 2 A A ] A2 i BROE £ 4 1 b, 0
BL R TR o p T BRI RS T A Y R
BA 2R 285 A BR L, 2 B BR 0 5 R TR L
I TC S T T A B P AL T 4B B EOR
Srpe AR 3 AR, N T SE B TS 3 [ el X AR
M AR ENAM., Rk, B TrEnmE R
3 1A AR

MSCSG >k H] LFMB Jy Jj 5 4 9% 3l 5% 1w 5%
LEMB 7= A= 1 o 1 7 A s 42 35 07 7€ A, BPE I g
SR N B RGP S R R T R K
N L R 2 2 LR P P LR S TR B %
BN VR RN
f=BIL (1)

H T LFMB 3K 3 i % 1 % R Ge 450 an il 2
FioR o B2 i A g — JE P i o RE RO B
ELT 2 J2 0,2 JERES AR 1) FE R T 1)
I, B 50 1) B 32 20 A 39 50, TR JR T W A 17 1
P 181 B 4 4 I H0A IR 9 1 42 B 0 F L 4h
A 18] 1 e s vh Wy LEMBJE] 1) 394 20 A3, B % faf
FL R, Wy o BlIE L 7 1 bR 2 R P R R
— X WYy BIE B b 2 2R R R — X
L LFMB JUAfa oty O 5 i L F A bR &
0" -wyz, Horp x Bl 5y Bho3 500 5 A 6T 1) P 2H £ el
TR E S AR A TN e, B
o B I3 R T 58 oy AR ) R B A L A
LEMB JE T2 42 51, R B8 15 845 21 2 Bl i 5
0 g %l ) ff R

FRes
HUHLAL

RrEsE

K1 MSCSG %54 7R 5 A
Fig.1 Structure diagram of MSCSG



482 Jb 5B AL R K ¥ ¥

LFMB

SET 1A
—  &MEX N e -

W e o=

wW ETiE AM

HLITE A7 1n)

B2 ek RO E R IR

Fig.2  Structure diagram of rotor tilting system

Y 5 1 7 A Ly ) 0 £ A PR
LR BB 1 bR P A 4 o e A T TR K v
T s ), & 1 KN
F =2nBIL (2)
o en R LB I E . Y AH Xy 1) 28 18 i A K/
HH S T 1) A B R I S 2R BRI R A
05 W) AR SR 22 35 3, T8 U A8 38 3l e A2 1) Al % o
M (2) oS %8s S R 2R o6 R IR IR
JIFEAS AR TR, W 2y O 1) RO FE R 34 p, p, R
p. =2l (2nBLi ) =4nBLI i,
{p}, =21,(-2nBLiy) = - 4nBLIL i,
Hor i, 40 500 hy £ P b 3R S e 1 56 x Ly Bl
F14 ATl P I o

Xof T 5 WERE (1) MSCSG %% T, Fopp 24 A
JiE R

{]Xd + ],.Q,é =p,

(3)

. (4)
J.B=J0a=p,

Kb g, MT, 3 5o B A XS T o Bl Ay Bl i

gt , KNSR ERR SR T TR

B AR T 2 By e S 1B B o B A B T Sl 2

SEIF R AR y o BlAE GRS ) E A RS AR S Y )

A, kb, BAE B

h, —h,_
)

— - (5)
%=_ “21

MG (3) S (4), I % 18 2 ) R G AT AE
I 4E 7, MSCSG ¥ 1 f §% 3l 71 = J7 # 2H vl DA %
RA

{],&(z) + J.OB(t) =4nl BLi (t - 7)

. (6)
J.B(t) = J.0Qa(t) =—4nl BLi,(t - 1)

XF 3 (6) FEAT L2 437 307 748 .15 31

{J§ als) + JA0p(s) =anl,BL (s)e ™

J9B(s) = J.0Osals) = - 4nl, BLiy(s)e™
Arh s HE T

R 72 IR 5
[a(s>
B(s)

LS J10s1 Ti(s)
= 4nlmBL[ ] e [ «
J.0s -] iy(s)
(8)

T iy 2 B 48 % G A% 35 R Kk
Jss JAs ]‘

2 (9)
J.Os - Js

G(s) =4nlmBL[

2 ETHIREBR RREH 5%

2.1 HIR R M AT

12K (9) AT, BE R 1 44 1o 19 i e i 3 1]
FEAERR G o g 52 B A2 1) 1 fi B £ 0 S 42
it 30 Ao T I ) 4% ol LA A, AT 4> 1% 2R SR 4G A
2N BRI R GE

BTSSP A 1A AR oL T 5 i A A o i S R AE 15
SigE R X G R S, ] K 22 78 4% X G 4%
[E1) P19 R EL DG I, DI PR TIE 4% [l jgf 42 o 28 48 4 37 T
PEo X1 30(9) B i 19 XU A Ui & 48,
T 5 A 18 07 vk p L AR 3 iR, K,
C(s) Ml s, D (s) N A Ar, G (s) 5 %8
LA D (s) B B X 4 G(s) il o 2 Ak
N7 FA) AL S [ o SR AR SR ) S
BEXRN(Cs) BN (s) =D(s)G(s) o Rl fFER
2 H BRI BT R R AR D (s) )T
BepE xR N (s) BB O A

HE 3 Al X, () JBIE G, (s) XY, () Tl
YERIE i it Dy, (s) Al Gy, () BEAT T 425 1)
HLX, (s)ilad G, (s) XY, Cs) it 4 i, 5
i Dy, (s) F Gy () BEAT T 42, DRI, e 48 0 1
HATAT AN R PE 5o O AL A M A D (s) 25



SR UG | 45 - i 6k T 47 T A0SR B AR I T 5 e R DA A

AT MR
483

3 AR R A
Fig.3  Structure of feedforward decoupling system
Fy AR D, (s) =Dy (s) =10 BElE, 7 SCREEE
CERIOES T
N(s) =D(s)G(s) =
[ 1 D,z(s)][G”(s)
1

Cul)]
D, (s) Gy (s) Gp(s))
G, () 4D, ()G, (s)  G(s)+D,(5)Cy(s)
[GZI(S)+Dzl(S)Gu(S) Gy (s)+D, (5)6G,(s)
(10)
N (s) W EX AL IT R SN IUER A O B, AT
SRR ] o DL TSR R

G, (s)
12(5> =~
G, (s
(| c E ; (11)
%21(5) :_G”(s)

WA (9) L) o 5 % I e 28 4 iy 15

o0, 2o
O Js O
D(s) =0 | (12)
H/2 B
Ly I:I

DRI, ke iy o o s I 1) ) SR 3 X B A% i

-7
€

N(s) =D(5)G(s) =4nszL[st ]
0 - Jrs2
(13)
2.2 ZEHHEREESS
BT RGN ¢ BASHG P AR AR =
) 5 SAFFEE LA S A 53 o B 26 9 s o), S 38 e
S AR Y 5 SRS X RAFAE 22 5 . R A PID 45
) B A ) B X LA S S 2R 1 W) N7 ek
KPrditt o B, A< SO RE 4% [R] I8 75 2 55 M 1
RS BT M R — A R B R AR TR T
A 2 2 18
T B R R g R 4 R
Elad, G (s) HEPRPEEXN S, P, (s) Nk

:Ld‘(s')
R(s) Ys

Paca 4

+
7o =0
[0 ey |

1 &

B4 —F iy B R AR A
Fig.4  Structure of 2-DOF IMC

FEX RN, Q, () 1 Q, (s) M — A 1 )&
ATl A R (s) A SR 2R, d(s) NI,
Y(s) MRS . RYEIE 4 T, Rk Y(s)
Y(s) =

G, (s)Q (s)R(s) + (1 - Q,(s)P,(5))d(s)

L +0Q,(s)(6,(s) =P.(s))
(14)

BERURE 0 A5 T, 5K (14) il Rk o
Y(s) =6, (s)Q,(s)R(s) +

(1 - Q,(s)P,(s))d(s) (15)

A C1S) l L, Rghm it Y(s) i 6, (s) -
Q (HR(s) M (1 - Q,(s) P, (s))d(s) HEl iy
S, 73 3k IO 3 AR G 0 2 2 i AL eI, [
I 2R G ) 2 25 Hag A Wi O R PR IR T Q, ()
RGN TR H PERERGR T Q,(s) o T #2
1 47 1 4 ) 7 o R AR RE L @ (5) (@, (5) P
IR AAMREIE B & Fy () F, (s) 0, (s)
Q, (s) /2

Fl(s)
1(5) =
P (s
(. FQE ; (16)
2(5> = Pa(s)
A
1
B ) =
s + 1
= (A, 1+ ) (17

%Z(S) :(Azs +1)°
Hrp U S8 A, A, B IES . W, T
Il 4555 R e A B S TE

T B AE SR E B ARSI C () |

C,(s) KN
4|
.

%
O C,(s) 16,0 F—O

R(s)

KSR — F ek BE PR ] G A
Fig.5 Simplified structure of 2-DOF IMC



484 b B = R OR

e
2018

b

%f(s) _0:(s) :FI(S)

Q,(s) F,(s)
1
AR A0 R O

r 1 =P (s)Q,(s)  P,(s)(1 -F,(s))

(18)

PAFE 758 x Sl A 0] D % 1) o 3838 O 9], AR
3 (13) , 15t i A, 1230 T8 19 Bl 45 % 42 4% 3 o
G (s) :Mﬂem (19)
a J s

G, (s) AL ANBf 28 T 7, [ O G g S A A
P, (s) M Ih & s Bk s 0N

4nl, BL
7 (20)

P(s) =

P (17) 5 (20) FLAL(I8) , AT & 42 1)
fi e o I = A AR PR R C(s) (€, (s)

(S)—QI(S) ()\25"'1)2
() (s + 1)
I:I 2
R R
T =P (5)Q,(s)  4nBLLA,s(Ays +2)

(21)
KRR 5 3 T LB i A% o) 5% B 18 E
4 = A RE AR i 5
2.3 EHISRERSWT
TE X R RO ARG RPE E(s) 54 E R
AME R(s) [l 125 R %K -

_E(s) _R(s) -Y(s) _
SR T RG) T

Ci(s)C,(s)G(s)
=77 C,(s)G, (s) (22)
FE AN R B R Gt Y(s) 54 0E
B R(s) ) 4% 3 R AL
Y(s) C(s)C,(s)G,(s)
T) =k "1+ C,(5)G.(s)
RGP eREL S (s) J2& M P53 G0 4T 3l 24 1 fE i
JE i R, MG A5 (R /)N R G 1Y BRBE 1 AT 5 #h
RPFEREL T(s) R RGE MR,
S 35 (B /DN | 28 G0 0 Tt 3l 1y 41 o e
W R EE R R RN PID 45 ) 45 1 R AL
JE PR BURT KD R B PR AL Bode K HEATXTLE , FE S
etnge 1 pr R, Horb R0 PID $5 561 85 A1 56 2 80K 1
SCHRL25 T o BRETSCA AL S BN, £ 1
K, K, K, 43312k PID ¥l 28 10 H 9] 5% 40
R o 0y 53520 38 SCIR T ARGE | e 38 U8 I A
IEHA Rk ey 53 50 Ry 58 SURR AR | 3 R Rk,

(23)

HEBLL R BTRIPERSGSHE, _HH
JE A 4 5 PID o) 2 114 28 B0 R B B b R
1508 R %L Bode [8 4015 6 7R .

HE 6 (a) Al A, — A BB $ 6 25 76
0.01 ~ 1 Hz i B i [l P9 7 8585 ok £ IR (H 20 R
- 16 dB,7E 1 ~ 1000 Hz i B N , 5 8505 ok 250k {8
i 451 2% T e 1 9/, HLGE /0 dB 5 PID 4% il %
££0. 01 ~0. 8 Hzyi [Bl N , 7 5 ok 4501 1 B A5 %

®1 BRIRERESH

Table 1 Parameters of rotor tilting system

Z B oM Z BfEH

J./ (kg - m?) 0.0166 J./ (kg - m?) 0.0097
/Hz 100 Ay 0.08
Ay 0.003 /s 0.002
K, 15 K, 0.001
K, 3 B/T 0.4
n 200 l,,/m 0.059
L/m 0.1158 w,/Hz 80
ky, 0.5 wy/Hz 400
ky 0.2 k, 0.05

l./m 0.078
20

B fF/dB
| 1 |
= N S S |
= T . R o'}

1
i
i
I
|
' |
]
]
|
i /
/
/
/
/
f
/
!

/

/

/

/

/
/
/
/
/

M%)
o & =
ﬁ

102 107! 100 100 10? 10°
i/ Hz
(a) 2L T AL

i {e/dB

HIEA®)

0! 10° 10! 102 10°
22/ Hz
(b) Fhod S PR
— PIDFSH ——— — H AR

Pl 6 R B pR RS b R AU R L Bode ]

Fig. 6 Bode diagrams of sensitivity function and

penalty sensitivity function



5 3 3

SR UG | 45 - i 6k T 47 T A0SR B AR I T 5 e R DA A

Ab At 4R

485

Th i WG, W {E 29 g 3 B, B )5 £, fE 2 Hz /2
AFEETE O dB ;X HE 2 Fh o4 il % R 85U K KL Bode
BRI, = A i BE R R SEAE 0.3 Hz DL E Y
B B B PN R ABRE B A /N T PID i A Ul B R
TR A R R R S PID P g A R A
BT ERER RE ) o

HIPE 6 (b) Al g, — B i B Py R il A 72
0.1 ~ 1 Haz 430 B il A b 8 5052 o5 B0 4 1R {EL £
FFAE 0 dB, )\ 1 Hz & i {5 Bl R T = 22 2
s PID 53 25 75 0. 1 ~ 0. 8 Hz A5UBEE il A 4P R A
J3E PRBOHY i R (EOR 57 £ 0 dB L 7E 0 ~ 2.5 Ha BT BL
00 T 4 i M (L A0 30 T oy 2 /N Wi 38 094 s 34, A
2.5 Hz K FNEAH 4.5 dB, £ K T 2. 5 Hz $5 BE Y
P 3% A M 2 T B

X EE 2 b op ] g kb 5% pR KL Bode [T,
THAE O ~ 7 Ha BB A A SRR eR O 4 R
E KBRS 7E 7 He LA B WA BL IS A — A il
PR s il 2 48 b R U RN 45/ T PID 454 R
G¢, HLBEWRIEI, = A iy R PR ol 45 1 65 0 e
LB R T PID il , bt nl RUAIWE, — A
JE S il A PP AR 5 T PID 425 2%

3 FESW

B UEAR ST (9 A R R R R P 488
P R 5 A AP PA B4 fill 33035 A 5 S PID B3/ MAT-
LAB 355 N A7 X oA B, EE SRR 1 s
3.1 BBHESH

Bl7 09 0=0.5s i, &8558 « 4l 5% [ 2K
1°950=2.5s i}, &5 158 y i e gk - 1°, 73931
SR I 22 3C PID 7 il 1 ot A R PR 5 o B 2%
PETR e A 1) 79 D B o ) 1 5% A7 b 4o

L5

= e

& 10} [ — - —

?E | #r

g o5t i/

& %

] L 1 ' L

£ o 1 2 3 4 5
BiffEl/s

58 y i f REAC)
1
=

BiffEl/s
(b) L p Sl iyl
—-— TMEH  ——- AL PIDFEH H R

BT R ROR 5 ELXT L

Fig.7 Comparison of decoupling simulation results

&7 AT, SR A S PID 5l B 44 R,0.5s
I 205 58 « Bl dw 5% 109 | 5%+ 7 AR 58 y Bl dw 5%
290.2°813),2. 5 s BF 205G F 28 y flidm % - 1°F 5L
EeF A= AR 28 x Bl WL 29 0. 2°81 3l 5 R A Rt
SiFf R PN B ) SRR 0.5 s B 20 o il g 5 Ty il
BEGIR S T, 2.5 s I 2055 128 v il 0 5 4
o Bl Sl IR AW TGS R 5 X LRl A, 5 58 S0 PID 45
SR A L, O A R D A A ) B T S B T
A2 1) W D e 1 E RE 98 4 A
3.2 MmMNEREHESH

¥ 158 x L 48 215 5 Kl 8 Hh S T
N, s BE A5 T OE R L B ER 0.5°,3 s B4 4%
T 5 f K S N 0°35 s B4 55 7 ) 1) i i
0.5°,7 s B Z 154 5% TR % A 00 43 5k
FHZE SC PID 45 16 FHIT 158 e+ PA A8 4 ol 0 vk 2 A
T, B 7 e 1l 2R An R 8 s . ARAEIE 8 TT
1, R A8 U PID #5 1fill 553k A8 X 46 4 B BR A5 5 i
AT BRI AT R v, B R 20 24 % i B B JE] 2 Oy
0.7 s 5 >R FH I 0% fff AR PSS 42 ) B30 0 i 45 1 R 8
TR, A LB ) 24 Sy 0.3 s, A 58 U PID 458 4 45 3k
W 5T 1%, i BEE R R, 528 PID #£ 5
TEAH LU, IG5 A R PN R o A v LA B PR Y g i
B

0.8
—-— AR B
—— - 22 X PIDFiH
— A
E - -
& i i
& =l 5
= | i
i | f]
-0.4 1 ]1 I
.‘\. ~
-0.8 L
2 4 6 8 10
A [6)/s

Pl 8 i 2 ) i 1 £ 3 L

Fig. 8 Comparison of tilting response curves

3.3 mMHmESN

Us I 220068 Ak 7 S i 457 B 1) 5% 5 it N 58 il
fi % 19 0. 1sin (2e ) © IE 5% T 0457 5 15, 20 51 R H
B3 PTD B3 R 053 gk 18 P4 A5 42 1 Sk A 00 1
THAE 2 X 5% 5 & G i 5% A0 BE O AN & 9 (a)
s o A 30 PID 5 4 i 1 AE 0% B e 10, HeA
il e SRS MOCHR[25 T 8, Wk 1 ProR. i
B9 (a) A1, R A X PID Bk T R4 %
0. Isin(2me) ° {Y IE 3% A5 5 T Ja 7 AL IR AH 29 H
0. 02 i 1 5 M % 5 >R FH Wi A5 fife A P A5 92 i) 59 3%



DR
" o018 4

486 I ADTES IS M NIP NI o
0.10
0.06
e 2
5 0.02 A £\ /=% /
B 002} \-/ %7 \'/
-0.06 |
-0.10 : - - ; - -
0 1 2 i 4
i il /s
(a) 0.1sin(2me)° 4k 8175 A FE T fitfé
0.10

]

s £ 15 /(%)

_0.02: \HH’/ } \ |l \Il
o T
-0.10 :
0 1 2] 3 4
A fal/s
(b) 0. 1sin( 84 2l |l i 7wt
——— it —— 2 XPIDFE

K9 Jrdtthrext

Fig.9 Comparison of disturbance rejection performance

A R G 0. Isin(2me) ° 1B Z (5 5 TG 7 4
BRAEL 2 0. 018° 114 &2 It % o

PLE 2 il & 2 BOR R 5500, TIE
S 0. 1sin(2mt) 48 K 0. 1sin (8mwt) ° B, ¥ T &
DT Y07 A 0 I e R BE AN IEL 9 (b)) Bras o i
9(b) "I A, T Y55 WAy 4 Ha I, R I 52
X PID BIE M5 T RS AR RIEZ N 0. 075° 1y
52 A 2 5 7O R D 5 A R P 4 ) B 1 ) B T
ARG E MR 2y 0. 018° £ 52 fiv e , v % ek 22
5 PID LD 76%

XL 9 (a)  (b) Bl 0, 24 THLA5 5 5 Rk
AR, SR FHAE 3L PID B85 1Y e 1 2% 8 A %
JEE T 0 38 H N T 28 R, 3X 2 A Ol 32 S PID 45
i # r IR a3 TR A 5K A S A5 S AT AL B 4R
NAE SRR, 51 ARy A M A RO, IR
ok 2R BB AT TR AR T, 22 50 0 BB 1 SO
32 B 5 5 100 R FH 45 A8 R P ) B 1 B B 1
RGN E A5 T, BB A 0 S A T R R A
BT Y 4 A, B 05 A0 B B 1, ROt i 2% i
JEILFABE T A5 = R A2k . 5 I, i 5 A 4
PRS2 S i T I PR O T 22 S PID il 45

2
L5 P 8 AT 9 i B R AT R b T R0 A
PR A2 il 8 T LA I I S5 3B B  T  y  ST
PR T 52 S PID 5 il A ALl 1k 22 M DLt R 4
SHE BT P O A, DR OB AR R P A A o 5
5 1A L BE AR A T 58 3L PID ] Bk

45 #®

1) 5503 50T « .y Sl dw e b F2 op A EE TR
FHAE X PID Bvk 2 306G 1 y o Bl 10 7= A2 2
20% [AFE AP O i Bk 2l BE T T AR — A B
JEE PB4 T B 3 WT AT B e 4 ) W O e 1l 2
] RS o

2) BT R AR A R P R A s
CIE 32 0) R VR e 1y o o 2 VA R BN
N PID B yEREAR T 57.1% ,%2 0. 1sin(2mwt) ° IE 3% (5
S50 BN A i e 1B 2 A 58 X PID SRk b
10% , 3% 0. 1sin (2wt ) © 1E 5% 45 5 4 3 7™ A6 19 1 %
e B IEAE 558 X PID 85300 76%

2% ik (References)

[ 1] YU Y,FANG J,YANG Z. Torque distribution of the integrated
magnetically suspended inertia actuator for attitude maneuvers
[J]. Acta Astronautica,2015,119.71-78.

[ 2] ABBAS H S,ALI A,HASHEMI S M, et al. LPV state-feedback
control of a control moment gyroscope[ J]. Control Engineering
Practice,2014 ,24 :129-137

[ 3] TANG J Q,XIANG B,ZHANG Y B. Dynamic characteristics of
the rotor in a magnetically suspended control moment gyroscope
with active magnetic bearing and passive magnetic bearing[ J].
ISA Transactions,2014 ,53(4) :1357-1365.

[ 4] B, B0 AR, 5. B3R IF 5 T ATk
2y [ & BRI ()], Ob2A i % TR, 2015,23(1) :122-131.
CUI P L,GAT'Y H,FANG J C, et al. Adaptive control for un-
balance vibration of active-passive hybrid magnetically suspen-
ded rotor[ J]. Optics & Precision Engineering,2015,23 (1) :
122-131 (in Chinese).

[5] CULPL,LLS,ZHAO G Z, et al. Suppression of harmonic cur-
rent in active-passive magnetically suspended CMG using im-
proved repetitive controller[ J ]. IEEE/ASME Transactions on
Mechatronics ,2016,21(4) :2132-2141.

[6] fEJC, £IA, X0k, 55 — Fb # B 7% 35 & 80 b 1R
71201510006597.5[ P].2017-04-28.

REN Y,WANG W J,LIU Q,et al. A kind of magnetically sus-
pended control and sensing gyroscopic: ZL.201510006597. 5
[P].2017-04-28 (in Chinese).

[ 7] GERLACH B,EHINGER M,KNUT RAUE H, et al. Gimballing
magnetic bearing reaction wheel with digital controller[ C] //
Proceedings of the 11th European Space Mechanisms and Tri-
bology Symposium. Loutraki: European Space Agency, 2005 :
35-40.



%53 AW |55 il 2k T A T 0 B MR B 1 T 5 A S P 4 487
[ 8] WANG C E,TANG J Q. Design and mathematical analysis of a control for voltage-controlled active magnetic bearing via state-

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

novel reluctance force-type hybrid magnetic bearing for flywheel
with gimballing capability[ J]. Mathematical Problems in Engi-
neering,2013,2013(8) :147-160.

XIANG B,TANG J Q. Suspension and titling of vernier-gimbal-
ling magnetically suspended flywheel with conical magnetic
bearing and Lorentz magnetic bearing[ J]. Mechatronics,2015,
28:46-54.

TANG J Q,XIANG B,WANG C E. Rotor’ s suspension for ver-
nier-gimballing magnetically suspended flywheel with conical
magnetic bearing[ J]. ISA Transactions,2015,58:509-519.
CHEN J,LIU K, CHEN X. Modeling and low power control of
active magnetic bearings system[ C] // International Conference
on Modelling, Identification and Control. Piscataway, NJ; [EEE
Press,2011:319-324.

BENOMAIR A M,BASHIR F A, TOKHI M O. Optimal control
based LQR-feedback linearisation for magnetic levitation using
improved spiral dynamic algorithm [ C] // International Confer-
ence on Methods and Models in Automation and Robotics. Pis-
cataway , NJ: IEEE Press,2015:558-562.

ZHANG Y C,SUN G J,ZHANG Y J. Experimental verification
for zero power control of 0. 5kWh class flywheel system using
magnetic bearing with gyroscopic effect[ C] // Proceedings of
the First International Conference on Machine Learning and Cy-
bernetics. Piscataway, NJ; IEEE Press,2002 :2059-2062.
PRI, KRGS = A BER A B R ) e 1) AL AR
PR SRt w L], o E AL LR AR, 2010,30 (15)
112-117.

SUN Y K,ZHU Z Y. Inverse-model identification and decou-
pling control based on least squres support vector machine for
3-DOF hybrid magnetic bearing[ J]. Proceedings of the CSEE,
2010,30(15) :112-117 (in Chinese).

REN Y, FANG J. High-precision and strong-robustness control
for an MSCMG based on modal separation and rotation motion
decoupling strategy[ J]. IEEE Transactions on Industrial Elec-
tronics,2014,61(3) :1539-1551.

WEHEE, VR, SCHE , 25 . RUHE S8 1 8 7 47 1 ) R B SR R
GO B kR PR [T O R % DR, 2015,23
(8):2211-2219.

XIE J J,LIU G,WEN T,et al. Composite compensation for load
torque of active magnetic bearing in DGMSCMG | J ]. Optics and
Precision Engineering,2015,23(8) :2211-2219(in Chinese).
KANG M S,LYOU J,LEE ] K. Sliding mode control for an ac-
tive magnetic bearing system subject to base motion[ J]. Mecha-
tronies,2010,20(1) :171-178.

PENG C, FANG J, XU X. Mismatched disturbance rejection

[19]

[20]

[21]

[22]

[23]

[24]

[25]

space disturbance observer [ J ]. IEEE Transactions on Power
Electronics,2015,30(5) :2753-2762.

ZHENG S,HAN B,GUO L. Composite hierarchical antidistur-
bance control for magnetic bearing system subject to multiple
external disturbances [ J ]. IEEE Transactions on Industrial
Electronics,2014 ,61(12) :7004-7012.

BN R AN S QO S RS 3 Bt o T o
T.#2,2013,20(3) :471-474.

WU P S,WU C Y,ZHOU D H. Analysis of signal decoupling
control system[ J]. Control Engineering of China,2013,20(3) :
471-474 (in Chinese) .

OKAJIMA H,MATSUNAGA N,KAWAJI S. Design of dynamic
quantizers for 2-DOF IMC and its application to the temperature
control of a heat plate[ J]. SICE Journal of Control Measure-
ment & System Integration,2011,4(1) :77-82.

OKAJIMA H, UMEMOTO T, MATSUNAGA N, et al. Analysis
of dynamic quantizer in 2-DOF internal model control system
1//1CCAS-SICE ,2009. Piscataway, NJ : IEEE
Press ,2009 :4380-4383.

VR SIS AETT, A BRI BURBE R S Sy A i S R
BERZEVR AT T]. AU m0T 28 il K K22 %41 ,2016,42(10) .
2048-2058.

XIN C J,CAI Y W,REN Y, et al. Dynamic modeling and key

with dead-time[ C

error sources analysis of magnetically suspended sensitive gyro-
scopes| J]. Journal of Beijing University of Aeronautics and As-

tronautics,2016,42 (10) :2048-2058 (in Chinese) .

B B, PhEEVE, At B R S e R (M ] ]

ot [ B Tl AL ,2012:279-280.

FANG J C,SUN J J,FAN Y H. Magnetically suspended inertial
momentum wheel technology [ M ]. Beijing: National Defense
Industry Press,2012:279-280 (in Chinese) .

P R, AT T R R B R PR R R [ M bt E B L

Ak H R A, 2014 :107-120.
FANG J C,REN Y. Magnetically suspended control momentum
gyroscope technology [ M ]. Beijing: National Defense Industry

Press,2014:107-120 (in Chinese) .

EE®:
BRiE T LTI EEUEIE T  0E R TE RE
U e o

BOmEs U)W R, ORI R A S R .

T Y.L,

Bl EZHIITT 0 AL TS



Ploe
488 952 Rk % % R 5 2018 4

Feedforward decoupling and internal model control for rotor of
magnetically suspended control and sensing gyroscope

XIA Changfeng', CAI Yuanwen’, REN Yuan® ", WU Dengyun’, WANG Yingguang’
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Abstract; Magnetically suspended control and sensing gyroscope takes Lorentz force magnetic bearing

(LFMB) as torquer to drive the rotor to tilt. As there is coupling between the two radial rotation degrees of

freedom and it requires that rotor tilts with high precision and fast response, feedforward decoupling and inter-

nal model controller is proposed. Dynamic model for rotor tilting is established based on basic structure of

LFMB. Feedforward decoupling matrix is designed to perform tilting decoupling in radial direction, and then
on this basis, two-degree-of-freedom internal model controller (2-DOF IMC) is adopted to perform rotor tilting
control with high precision and fast response. Simulation results by MATLAB indicate that the proposed meth-
od can realize full decoupling for rotor tilting, response time is reduced by 57.1% than that of cross PID con-
troller, and tilting fluctuation amplitude produced by 0. Isin (2t ) ° disturbance signal is reduced by 76%
than that of cross PID controller.
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forward thrust variation of USV under different guidance strategies( working condition 1)
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Path following of underactuated USV based on modified integral
line-of-sight guidance strategies
CHEN Xiao, LIU Zhong" , ZHANG Jiangiang, DONG Jiao, ZHOU Dechao

(School of Electronic Engineering, Naval University of Engineering, Wuhan 430000, China)

Abstract; Path following control is one of the key technologies for unmanned surface vehicle (USV) to
complete its mission, which is widely concerned by the field of motion control at home and abroad. In order to
improve the accuracy and robustness of USV’ s path following control under the disturbance of the external
environment such as wind, wave and flow, path following control problem of the asymmetry underactuated USV
under external disturbances such as current is discussed, and two modified integral line-of-sight( ILOS) guid-
ance strategies are proposed. Based on the modified guidance strategies and feedback control theory, path fol-
lowing of the USV at horizontal level is realized. Compared to the conventional ILOS guidance strategy, the
first modified strategy with time-varying integral gain can avoid integral windup and overshoot phenomenon; on
the basis of the first modified strategy, the lookahead distance is designed as a time-varying element in the sec-
ond modified strategy, making the USV control more flexible. In the modified strategies, integral gain and loo-
kahead distance are all computed as different functions of cross-track error, which can conduce the USV to
converge to desired path in an elegant and fast manner. Based on the cascaded system theory, the control sys-
tem proposed is proved to be global k-exponential stable ( GKES) when the target tasks are all achieved. The
theoretical analysis and simulations show effectiveness and advancement of the proposed method.

Keywords: underactuated control; unmanned surface vehicle ( USV); integral line-of-sight ( ILOS)

guidance; path following; cascaded systems; proof of stability
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Response analysis of Timoshenko beam based on K-V damping model
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Abstract: Based on Timoshenko beam theory, this paper has analyzed the dynamic properties when a
clamped beam subjected to step load and moving load respectively. In addition, K-V damping model is consid-
ered to study the influence of damping on dynamic performance of the system. To acquire the theoretical solu-
tion, proportional damping utilization condition is derived, the real modal superposition method is applied,
and eventually obtain the analytical responses when beam subjected to external loads. The numerical analysis
results indicate that the solving process is accurate and reliable, providing a measurement reference to other
methods, like Laplace transformation. The results of damping cases demonstrate that the high modes inherit
over damping property, while in low modes present oscillation convergent characteristic. Sometimes, the
damping can have significantly impact on the whole system, and for large slender ratios, the amplitude under
moving load is even enlarged. Furthermore, the dynamic response subjected to step load is dominated by the
low modes.
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Table 4 Relevant quantitative indicators when

angular velocity and noise are large
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Phase fluctuation noise adaptive cancellation system of
superfluid gyroscope

ZHAO Yulong', SHEN Huairong’, REN Yuan’ "

(1. Department of Graduate Management, Equipment Academy, Beijing 101416, China;
2. Department of Space Equipment, Equipment Academy, Beijing 101416, China)

Abstract; Aimed at the deterioration issue of gyroscope angular velocity measurement precision, which is
caused by phase fluctuation noise of superfluid gyroscope, a gyroscope noise cancellation system based on re-
cursive least square (RLS) algorithm was proposed. First, the phase detection model of superfluid gyroscope
was established, and the relationship between thin film displacement and phase of gyroscope was obtained.
Second, considering the influence of thermal motion, the noise equivalent input angular velocity model of gyro-
scope was established, the influence of gyroscope parameter on angular velocity noise was explored, and the
amplitude range of angular velocity noise was obtained. Furthermore, considering the irrelevance between an-
gular velocity noise and input angular velocity, the mixed angular velocity information which is calculated from
the thin film amplitude of the gyroscope was taken as original input of the noise cancellation system, and angu-
lar velocity noise which is caused by phase noise as the reference input of RLS adaptive filter. The noise por-
tion of the mixed angular velocity is offset by the output of RLS filter through adjusting the parameters. Final-
ly, the comparison results between this method and least mean square (LMS) algorithm show that the noise
portion in mixed angular velocity information can be effectively suppressed by this cancellation system with fast
convergence speed and good stability in the case of large angular velocity and large noise.

Keywords: superfluid gyroscope; phase fluctuation noise; adaptive filtering; recursive least square

(RLS) algorithm; noise cancellation
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Evaluation of directional ground stability and control characteristics in
crosswind landing for civil airplane based on digital virtual flight
LIU Hailiang, WANG Lixin "

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

Abstract: Based on airworthiness requirements of civil airplane, a method for evaluating ground stability
and control of crosswind landing based on digital virtual flight is established. With maximum bank angle of air-
frame and maximum lateral deviation during the landing roll-out as key parameters, and in accordance with the
results of pilot-in-loop digital flight simulation, ground stability and control as well as airworthiness compliance
of crosswind landing task of a certain large amphibious aircraft were evaluated. Simulation result shows that,
for a 20 kts crosswind component, the aircraft conducted a safe and well-behaving landing roll with a 3.44°
maximum bank angle and 2.51 m maximum lateral deviation on dry runway, which was of airworthiness com-
pliance. Further research indicates that crosswind component value and the extent of runway contamination sig-
nificantly affect the safety of crosswind landing roll-out. A 30 kts crosswind component might result in uncon-
trollable ground-looping tendency on dry runway, while contaminated runway increases landing roll-out dis-
tance and brings difficulty to direction control of taxiing. The method delivered in this paper can be applied to
the preliminary design phase of civil airplane and offer theoretical references for subsequent flight tests.

Keywords: civil airplane; crosswind landing; ground stability and control characteristics; flight simula-

tion; landing gear; airworthiness
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Vibration modal analysis of inflatable self-supporting booms

MA Ruiqiang, WEI Jianzheng, TAN Huifeng"

( Center for Composite Materials and Structures, Harbin Institute of Technology, Harbin 150001, China)

Abstract: The inflatable self-supporting boom, which is made of laminated aluminum film and local dis-
crete self-supporting thin shell, has the ability to support the effective load at zero inner pressure. In order to
improve the accuracy predicting the vibration characteristics of the inflatable self-supporting boom, the vibra-
tion differential equation of the self-supporting boom was first deduced based on the Timoshenko beam theory
and Hamiltonian principle, and a new beam element model considering the prestress and configuration change
for inflation pressure was proposed. Moreover, this beam element model also considers the discrete characteris-
tics of the self-supporting shell in self-supporting boom, and the mass matrix established by this model is closer
to true value. Then, this beam element model is verified by the vibration test results, and the verified results
show that this model has better accuracy than the traditional beam element model. Finally, the influence of the
inflatable pressure and the width of self-supporting shell on the vibration characteristics of the self-supporting
booms is analyzed. This study would provide a theoretical reference for the design of the inflatable self-support-
ing boom.
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Fig.2  Schematic of optimization process
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Table 3 Thermal radiation characteristic
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Fig.5 Temperature distribution of sample point 1
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Optimization of aerostat helium temperature differences between
day and night based on Kriging model
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(1. School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. China Academy of Aerospace Aerodynamics, Beijing 100074, China)

Abstract; Considering the entire skin coating of aerostat envelop materials as one material, the effect of

absorption and emission rate of aerostat envelop materials on helium temperature differences between day and

night is investigated. In order to further reduce helium temperature differences between day and night, in this

paper, aerostat envelop materials are divided into illuminated side with materials of low absorption rate and

backlight side with materials of high emission rate. Under the established thermal analysis model, material

properties in different parts of aerostat envelop materials are optimized with the method of Kriging model. Tt

holds the thoughts that aerostat envelop materials can be divided into 48 parts, Latin hyper-cube method is

used to do sampling, and sample response can be obtained through thermal analysis so as to build a Kriging

approximate model. As the result, it shows that the helium temperature difference between day and night is re-

duced to 28.6 K, which is 7.7% less than the traditional ways of analysis.

Keywords: aerostat; thermal analysis; Kriging model; skin thermal characteristics; helium temperature

differences between day and night
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Harmonic timing sequence detection anti-jamming method and
its implementation for FM fuze

KONG Zhijie, HAO Xinhong" , LI Ping, YAN Xiaopeng

(Science and Technology on Electromechanical Dynamic Control Laboratory, Beijing Institute of Technology, Beijing 100081, China)

Abstract: In order to improve the anti-amplitude-modulation ( AM) -jamming, anti-frequency-modulation
(FM) -jamming and anti-sweep-jamming performance of FM fuze, a harmonic timing sequence detection anti-
jamming method is proposed using the timing sequence characteristics of harmonics during the projectile-target
encounter. A harmonic extraction method based on fast Fourier transform ( FFT) is designed, and the harmon-
ic amplitude is obtained by FFT on the difference frequency signal. Compared with the harmonic extraction
method through the band-pass filter ( BPF) of the existing FM harmonic fuze, the harmonic number and har-
monic channel can be flexibly selected, under the condition of the same ranging precision. The better anti-
jamming performance and flexible ignition height are achieved using the harmonic timing sequence detection.
Simulation and experimental results verify the feasibility of the program and the anti-jamming success rate of
FM fuze is improved from 16.7% to more than 90% .

Keywords: frequency-modulation (FM) fuze; anti-jamming; harmonic timing sequence detection; fast

Fourier transform ( FFT) ; difference frequency signal
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Table 1 Initial and terminal state constraints of penetration missile
| xy/m yo/m z,/m V’A/(m-sfl) 0,/(°) P/ (%) a,/(°) a,/(°)
ty 10188.8 21299.3 10188.8 1878.8 -18.9 135.0 10 - 180
t -9346 0 -9346 (800,1100) ( =90, —75) 0,7)
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Table 2 Initial state constraints of interception missile
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Table 3 Path constraints of penetration missile
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Table 4 Terminal states of optimal results
P REFR AR * /M Y ar/m zy/m Vy/(m - s ) 04/ (°) Y/ (%) o,/ (%) o/ (%)
Ji -9346.99 -1.00 -9346.99 1450.67 -84.37 132.49 6.00 -178.64
I, -9344.99 -1.00 -9344.99 1515.68 -75.01 135.00 6.00 -180.01
J; -9344.99 -1.00 -9346.99 1377.61 -75.01 180.01 6.00 -210.65
Jy -9344.99 -1.00 -9346.99 1018.95 -90.01 180.01 6.00 -180.20
A -9345.99 -1.81x107"2 -9345.99 1462.12 -84.62 135.01 10.00 -180.00
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Terminal hypersonic trajectory modeling and optimization for
maneuvering penetration and precision strike
LI Jinglin, CHEN Wanchun® , MIN Changwan

(School of Astronautics, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract; Aimed at the maneuvering penetration and precision strike problem of hypersonic vehicle ter-
minal trajectory, an optimal maneuvering trajectory optimization method considering the dynamic characteris-
tics of intercepting was proposed from the viewpoint of optimal control, so as to obtain the maximum maneuver-
ability of hypersonic vehicles. In this paper, the intercepting missile model was introduced into the model of
penetration trajectory optimization, and a constraint was imposed to restrict the intercepting missile to fly
according to the proportional guidance law. The trajectories were divided into phases according to the different
missions and trajectory characteristics of the belligerents. The penetration performance index and the precision
strike performance index are put forward according to the task and characteristics of each phase, and by the
weighting function the independent and contradictory performance indicators are unified. Thus a multi-object,
multi-phase and multi-constrained maneuvering penetration trajectory optimization model was established. And
multiphase Radau pseudospectral method ( MRPM) was used to solve the problem. Due to the initial sensitivi-
ty and narrow feasible region of the problem, a series of trajectory optimization strategies were proposed to im-
prove the convergence rate and the precision of the solution. Finally, the optimal maneuvering trajectory was
obtained, and the optimality of the solution was verified based on the principle of costate mapping. The results
show that the method can give full play to the maneuverability of the hypersonic vehicle, and obtain the pene-
tration trajectory which satisfies the terminal accuracy. Compared with the existing method, the miss distance
is increased by 1 —2 orders of magnitude. Sensitivity analysis shows that the trajectory is insensitive to the
launch time of the interceptor.

Keywords : maneuvering; penetration; interception; optimization strategy ; optimality condition ; sensitiv-

ity analysis
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Table 2 Optimum design parameters of 3PSS-PU

parallel mechanism

Pt it 28

AR R, /mm 1,/ mm ¢, /rad ¢, /rad
1 266. 608 0 237.0585 0.6767 0.6876
2 269.5739 237.2845 0.6349 0.7333
3 270.3569 236.8583 0.6349 0.7333
4 267.4525 237.5193 0.6767 0.6876
5 269.5519 237.2843 0.6349 0.7333
6 269.5519 237.2843 0.6767 0.6876
7 267.4525 237.5193 0.6767 0.6876
8 267.1997 237.5572 0.6349 0.7333
9 266.5262 237.0566 0.6349 0.7333
10 269.5734 237.2844 0.6349 0.7333
11 270.3472 236.9719 0.6767 0.6876
12 267.4525 237.5193 0.6349 0.7333
13 269.5517 237.2843 0.6349 0.7333
14 269.3297 237.3030 0.6767 0.6876
15 270.3551 236.8482 0.6349 0.7333
16 269.5625 237.2802 0.6349 0.7333
17 269.4146 237.2723 0.6767 0.6876
18 267.4737 237.5153 0.6767 0.6876
19 270.3395 236.969 1 0.6349 0.7333
20 267.4525 237.5193 0.6349 0.7333
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Table 3 Comparison of initial and optimized structure

parameters for 3PSS-PU parallel mechanism

Wit Z % ol 4 H it fE
R, /mm 250 267
[;/mm 220 237
¢, /rad /3 0.63
¢, /rad w/3 0.73

F4 3PSS-PU FBEMMMATTERN ESHT L
Table 4 Comparison of initial and optimized stiffness

parameters for 3PSS-PU parallel mechanism
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Kinematics analysis and multi-objective optimization of
a novel parallel perfusion robot
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Abstract: In order to meet the demand of honeycomb structure perfusion of large spacecraft, a novel hy-
brid perfusion robot is proposed. This article mainly focuses on the analysis of the parallel mechanism. First,
the kinematics analysis of 3PSS-PU parallel mechanism is conducted, and the inverse kinematic model and
Jacobian matrix of 3PSS-PU mechanism are established. Then, the constraints of the main factors influencing
workspace of the mechanism are given, and the reachable workspace is obtained. Next, stiffness model of the
mechanism is established, and stiffness distribution of the mechanism in the process of movement is displayed.
Finally, aimed at workspace volume and global stiffness, multi-objective optimization analysis of structure
parameters is performed based on genetic algorithm, and final dimension parameters of the mechanism are ob-
tained. This work would lay the foundation for the application of the honeycomb perfusion robot.
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tion

Received: 2017-03-17; Accepted: 2017-05-12; Published online: 2017-06-30 09 .00
URL: kns. cnki. net/kems/detail/11.2625. V.20170630. 0900. 002. html
Foundation item; National Natural Science Foundation of China (51675037)

# Corresponding author. E-mail: hrfang@ bjtu. edu. cn



2018 4 3 A
F44 4 H3 1)

= b
KRB EHR KL YR LRI varch 2018
Journal of Beijing University of Aeronautics and Astronautics e 15 Vol.44 No. 3

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2017.0159

jbuaa@ buaa. edu. cn

—MET SVM W =% 1T RIRMWE IR

==l A

kFE, ZEAL, FRR

-
Iﬁ (L LRtz LR R T (508 TR5, JLa 100083; 2. ot [E R AU B T 52 B, Jbst 100102)

i B MAEREKATEEAHE I, REMTLZLEIR ZRE, HTRETE
ERMEAZHTERY AP UL AAMZEE CANZFXAEREFERAL
(TCAS) fu v RIEM T EHAERA THREFEATNE., #AdERRMN T EHHELR &
FMEZOAR, I HEN(SVM) 8y =50 4 % 07 %, B AW Fe B & CALALE 7 — 1L
RE XA RAACEENRBSRATRM AR EUREAS 2 LB HTTEINE, ZAT
ERATREANGERF REMN. URENFEHENEEAREH#T TN RRIE, 4R %
HRERMRERPANBHEL0.1% 5 6% , WK T 5 < A7k 58287 k4 UM

BELSERENRE,
x # i
mESES: V355
XHERFRIZED : A

05 Z A28 % 2 RE 22700 MW | 6 00 R AR 3
ERE £ F ST S S OEOE el R AN A
25 BRI AR AT B G B A A% B I 2 A R 2
P TR A o g B0 1) — 6B A R A
%25 HPOFARTE o B Ah, i TR S o 28 1 DL
ST g = o 2 4 0 450 A £ ] P 5
BCRE A" REARTIE 7 A7 BR A B [0) 53 1) 8 188 PR 55 i A5
B RS L 2R RS I S AR,
%25 AT 2 1 150 S 25 AL

FE] A& X T e 5 R 54 BF 5 3 43 o il o 7
CHLFR LA ) FIAE 5 0 (o FR A A7 8) 2 2.
SE TR o AR — SR LA B T ik, A
W 2 By 25 8% 7F AR I LA P9 5 A7 AR VR AE KA o
5o AR SZPRG OL T AE7E R PR E 67 L RAT B
1 25 A 5 P PR 26 7 A8 2, 4 o ) o
SEHRM 10 1 00 3 o R 2R B b e g 7 5
B S A =2 1 e R R LR T 1 7 T R R

A AR ; o REWM 5 L m EHPL(SVM) 5 GA-PSO; 4 itttk %

XE4HS: 1001-5965(2018)03-0576-07

MAFTEWAE AT I3 (H 2 BB Y R B+ 3 SC B
T 2 (L R IR O, T R 3 T 5 SR R B
b /N WA i R KR AR

o8 1 23 w22 i 5 B 18 AR 48 ( Traffic
Alert and Collision Avoidance System, TCAS) J& 24
HiES 92 R A LR R, 3 N KRAT B4R
fas 2 i 48 4%, TCAS T H 3 4k 6l 43 45 %5 IR
%, TCASI1 B T 45 4h , 30 42 it b 52 A 1B 2 38, (H
H e 1/ B R I T F0R BE LS, ik 4 TCAS I 78
1000 m AT A 25 4770 85 i 19 e R, 1 3d A =5
EREIEATTZ Y I B M W (Au-
tomatic Dependent Surveillance-Broadcast, ADS-B)
VAT S5 A A B, AR AR, £ S R AR, A
KRB m, B & T @ S M4 CHLRNAL = 8
L RML R

Lin""" A 4% TCAS #5002 45 , it 7 —Fh I F
ADS-B 1 H A& AT HL I A4 B X I 25 A KL

Wi B 2017-03-17; A BH: 2017-04-01; M4 HAATIE : 2017-04-13 17 .48
M 2% H AR Mk ;. kns. enki. net/kems/detail /11.2625. V. 20170413. 1748.007. html

EE&WE: ERHARHES (U1533119)
= BIS1EE. E-mail; zhxj@ buaa. edu. cn

SIAER: B4, K¥E, BEA, & —FETSVM WRE KA RXENEF[T] EEMEMKX A F %], 2018, 44 (3 ) : 576-
582. HAN D, ZHANG X J, NIE Z L, et al. A conflict detection algorithm for low-altitude flights based on SVM [J ]. Journal of
Beijing University of Aeronautics and Astronautics , 2018 , 44 (3 ) : 576- 582 (in Chinese ).


Administrator
新建图章

kns.cnki.net/kcms/detail/11.2625.V.20170413.1748.007.html

5 3 3

WA AR FIET SVM YIRS AT mh S RN 5 12k

AT MR
577

F9 2 SR ofr 5 A U0 AR 7 1k R R AR AETTOR
2 Fr a1 8 ML ( Support Vector Machine, SVM) |, $ 1
— X i s AT B A 2K P A v SR Tk

% RSB 38 HI A5 — A R A3 N R AT 1
AR [E] 5 1 AT B8 v, m] LR IO B Y I s R
A BcHs 308 3 4R I 20 BT 3 S8 S 50 B | 47 i B0 G
AL, 42 J0CRAT i SR I 1) 40 7 AR Al 2 — o i
PRATG 23 52 2% AT I S TR ) L) S . S A
A DATE R TR I A 22 I 2R i o 2R AR b R AT
HR L 2R iR S IS ) A R R A 5 e R R R0
K LA SHE B P P 5 A0 SRR AR A

1 ETF SVM gy IR

R =S N /9 KHLE A ADS-B OUT i 4,
TRALRHRCE R P A TR HLR & 1 ADS-B
SR, B B LR A 3R IR AR B A AR O
H R o B B E Bk B H bR AL IR S
(ID) | Hbs CHLANAS HL Y 7 B 15 B A B2 A R o
Fbs CHLA DL B RN Py = (w,,y,,2) , BE N
Vi=(v,0,,0,) AP ERR NP, = (1,,5,,
2,)  BERV, =(v,,v,,0,)0

K R GRS 1R o

HFRi S |
(DACNS Y RN

I
B e

Ebr &AL
ADS-BE

e

SVM4p3

B 5 Wik

3 O i3 e 2
Fig.1 Detection system structure

1.1 HEFLE

B AL PR 32 ST H AR CHLA XS T AN
(AU RIS X =N

HELAHL N 27, 04T AL R 4, 45 B AR XS
P Py = (xg,y,20) =P7-P,=(x, -2,y -,
2, —z,) MBS A HLAL T A8 AR JE AL, AS AL 1] T 1]
9 Y RIETT 18 J7 1) o AHXS B LR N Ve = (v,
UR},,HRZ) =Vi-V, = (v, - Vs Uy =V, U, = v, ) o

ZJE AR R X 7 B A o R X R Al A AR TR H

i AL R AR XoF K P A 1] R A 1] o AR A i AR
B, g i G KHLS TRBIL A AR W B Ak, B — R
SET RHLAY IR AL DXk, i X I [R] i 2% 1 1 i R
R rp 2 BRI T U0 B A RS T A B AN
PERRALA S RF o 2 — 2L RBLI AL B AL T 55
— L RHLAY e R 37 DX A IR, DU Ol PSR TROBL R
RN B S VINE0FiT B % i ¢ eyl N T D/EE B2
73— B TRHL B i AR A X, WA A A A T
LA

N T AR DR XU B N A% 528 fi (1 ft =
0.3048 m) BRI , WK 2 fr7 .

Z Hibx €L
el =

RISRETR

)
l/' i {rlh ‘rlh “IH.' )

/ \ SRR

VI N

iy -4

N —

\ 7S m/-’

=

v

B2 R R
Fig.2 Protection zone model
R 7KV AL 1 2 DARR X AR B & B X Bk IE
[i] by HEAE Y
1) 4R H bR LAY AR RS JEE v, > 0,04, >0,
AP 0 0 = arctan 7).

Rx

2) W H bR LA B 0, < 0,0, >0
S vy, <00y, <0, KT A

vRv
0 = arctan| —| + 1
URa

3) G HbR CHLRYAEXS BB v, > 0,0, <0,
IKEAR S M R 6 = arctan(&) +2,

TE FL L) 2 DA X A Ay Sl e Z Bl OE D7 e ol
L

1) 40 2R AR L v, >0, 3 E LI N e =
arctan( A Uf‘“’ + Ui")o

Vg,

2) QST EAHXT U vy, <0, EEAT A e =

P2 ok WAL BB T, = (o Yoo Znes
IVl s @ne) i A SVM 5 Be i 47 43 25 0 31
K Y s O @ A B R AT X 28 B AT X 5 A
Xof 5 B A R AP A R R BRI | Ve =



578 db RO % MR K ¥ ¥ R

Ab At 4R

2018 4F

VU, v R R
1.2 SVM #i#

T2 2o o AL %) HOHR A SVM BB, %
F A B AT 2o A B — 2 — R &
A UG I L BR AR BHEAT 45 20 B, AN 1 R

23 VIR0 SVM 45 26 8 % 2 i o A 0 —
LB B ABCHR AT 4025 %4 T B AT 040 %5 B R,
B o 16 280 bRy 17 4 VA S R U B
B T4 {30 G « BRI T P, (T,) =
L, A0 EURRTE ¢ 16 220 28 SVM 43 25 I A 77 76
upgE gL W P (T) = ~ 1,

HOUR 5 1AL 3 R R 3 3 AL, % 1
1130k LA G T 2 — A3 2 1 3 B 7 A
FF I A% 5 0 7 R, 7 52 %5 T — B ]
T 45 5 B 3 RO S 10 0 8T 0 m, ¥ )
IR A w0 = L, s s, T
55 LA HLLE ¢ I 200 283 B 3 I BT U HO T
&%

2 ij,'(Ti)
Fi - Jj=t-m+1

t t

w;

j=t-m+l

BEEFIWORAE TR R &) o MR F, > T,
WNIAE ¢ B 2036 g H Bs KAL) RE D A7 7E vh 58 114 n]
RE, 75 WA AR oh R H AR

F1 THRHAEAN

Table 1 No conflict judgment criteria

IR %S PR X fi] T 5% ) ]

1 xp >0,y >0,2z; >0 %<0<ﬂ,0<q)<%

2 xg <0,yg >0,z >0 %<6<'rr,0<go<%

37 ™

3 xp <0,yz <0,z >0 1-r<0<7,0<q;<7

3m ™

4 xg >0,y, <0,z; >0 7<0<21‘r,0<¢:<7

5 xp >0,yg >0,2; <0 O<0<%,%<¢<w

6 xg <0,yg >0,z; <0 %<9<1‘r,%<¢<’n
3w w

7 xg <0,yg <0,25 <0 1T<0<7,7<g0<’ﬂ
) 3w ™

8 xg >0,z <0,z; <0 7<0<2w,7<¢<¢r

2 XHEFEEN

SVM 2 fy Cortes F1 Vapnik " $2 4 (1) — Fp 3L
TGt I IR LA 7 2 07 i, B R L T A
JRURS: d5c /I S5 0 %o K48 0 A7 53 28, 8 it s 40

sUR AR E R Y e s S PSR o R AT
B IEAT 5328 M D T TEAR 4R 098 25 1) e vk A
IR NI RO RO TR SRR R AT R
(o) ;ZWAGERB N ((a- o) +R)" 7

SRR ¢ L HoR R WA RO d %
WX FE 5o e 1) 36 pR B0 FE E o

3 o 8 IBCAE > ) A% o B S AH L I S5, D
TESTIRF €, ] DL S, — A 35 Y 1 43 S A 0 % 4k
WiHAT 35 FTLL SR U 57 SVM 27
YD BR A Sk AR ] oK RN AR S HL A pR
B, EBIMSHA C o,

C ET AT SVM BRI E A%, 5
) C {75185 R i 52 7% B v, ELRBE R A 4k )T RE )
25, C BUAIG, EE 7 455 TR0 T B BT B HfE T g
A . B C B AR A T I R o A R L (E
bt R = 2N 7 vl o 7 - 1

o FEH T AR W AR L o B, X T RRE
B Y WIS RE T R 55, o ARG, B S RE ) R (H
& A BB 23 i L A B O

1% 50 19 2 B0k B 75 78 A0 48 A% 48 2 ( Grid-
Search ) 7 Fil 28 B 16 5 1%, 48 90 16 % 1 BLAR ) IR
HRRAALER RN EME . PIA% I R IEAE— o
KA DL —E 1 20 B P R H R AT TR
TR, 1 FON BE AN L )

AR, B N AN 22 BF 9 2 3 R T kAL R ik
XF SVM B ZHGH AT I, B T A 8% (GA) 57
BRI/ (PSO) Bk, GA LG4 R h
A= AR AT R 3 S XA AR BB SR
S S S5 R A R R S 1) AV TR B AL AR HLE
GA B H A KWLM, HEEA S WS4
WEIZ 5 5 A B 85 ) 8, PSO B3k
B SS B AT Oy, 3 o 2% pEOR - ) M AR R A (B
MR LR T b7 1 R K% . (H)2 PSO
VL FIREAETE 25 2 B N TR 3 g 0 ) 1 100, VD%
B EE A A BUR . BT A SCEE A GA Ml
PSO L& A ML A, 42 1 —Fh GA-PSO B &5 5
e, ok g T SVM g 2 80 540 0] R, I 25 O 2 A
Bl 3 Frs o
2.1 GA-PSORB&E*%

PSO BP0k 7Rt n AR X = (X,
X, X)), B—ThFMNE X = (x,,x,, ",
x) s D A S T 4E R B — R Y R
V.=(V,,V,,,V,) ,Lh K23 X F ( cross-
ValidatiOn)“S-ﬂiﬁﬁ%/f/';j{j*_\?%égﬁ@g@ﬁpo
FriE K 228 SUHAIE , il e #  Zh 8 7 21 70 Ky




WA AR FIET SVM YIRS AT mh S RN 5 12k

AL HLF 4R
579

H i A B

2%

RN

46 SLEGIE
ik

Y
SVMETH

K3 GA-PSO & 5w I 5 i 2

Fig.3 GA-PSO hybrid algorithm training process
BRI VR IR, TR 0 K - 1 3R 25
S R RNV € GNP A o A
L1 ) VER VI 252 Bt R 47 155 A0 1y
ST A AR 1Y 43 2 B R R KA AL Y 43 2
E#RF Y o AMMEBAE R P, = (P, Py, Py,
RJRRAE R P, = (P Py, Py BT 1 5E BT
NS
Vﬁ;] =wVfd + clrl(Pfd - de) +

en (P, - X)X = X, + vy
Pk R B Y BT AR B ¢ ey R
WG o, N (0,1) Z NI BEPLEL

WL B A7 B AR 32 S e ok - 0 R AT B Y
TNRGE I, RL T TRAT R R, BB A% 75 A8 I [A] 4 R
S48 2 25 0] f 0 f ) X8k, e R 4 R B T
SRR TRAT R AR R 1) A R A e A
AN R TG INAE R BORE R R AR R BE 0, 4
J R . (HIE, Rk T T EE—
PRFF— B m B AE , 7T RE 2 5 30K+ 805 f f0 i
DX, RAT B — ERR R B, R R
SXEE A T RE 5 BORL 7B A R R R LR . P
DA 8 5 8 G I T — N AR %

0.5

<
2
5

X, = (xil s Xip st

w=0.9 -
1 +e
g o B AR ARREL 6 O de RIEAUR B B
I, BT 35 A0 S0 RE A% DR 45 i B9 SRR, LA
ARAHRCR 12 R 1 R BE ), 7k ACUS W R A B
R BT R, R A i ) SR TR R B ), w A2 ARt
LAnlE 4 Fros o
TESE R ACRI, O T I ORE T~ HY AN W
BRAER 2RI R S H AL Bk pLA,
XL AT A S, BRI AN 18T S B .
TR B Pl LR AR AR, R S

0.9 =

0.8:
U.?:
” (].(1:
os|
"2 a0 e s 100

g

B4 w22k

Fig.4 Variation curve of w

(ot st )

| 3SR T E A |

¥
SRAERET MK
I AR IR

il R AR LRF IR

i1 43

FiEIE I HE SR R
5 W T

LR

KIS KRR
Fig.5 Particle variation process
7] SR /IR E R /NS S R AR AR R A BE L) 463 Ak
KL E X = (X,,X,,,X,)HIEE V=(V,
V,,,V.),
FR|2 MWD THAE X, = (v, ,%,)
Xof R HEAT N SR, B A2 S AIE IE 5 A Ok T
L7 IS TR AR R U TVAE- | BN X A
BRIV R A R, R T R A T A D T 1Y
MERAE P, = (P, Py Py) o
FRA MG REARL T 938 R T AR T
283 A Fe 0 L BE AR LG A, 4 N R R R AR
B ERRRAE P, = (P, Py, Py o

HERS MR T 0 3 5 AN BSR4 SR
KL AT ST
FEe  BICRKBOR WL A g <40 457

AEPEATHE R T, R A AL dee K IE AUUBL, A 2R i
AR R A AR TR IR 3
SBT I FORL T 03 R, AR AR T



580 db RO % MR K ¥ ¥ R

Ab At 4R

2018 4F

N BE R /N — 5 L AR RE Z U R Z, .

]S X Z, AT EAL L,

]| X Z, TR

A0 F5 Z, BIE N AR IE N
AR Z b, 08 B8 N w1, HE BR 3 0 B2
iK1

FEI1L RELE3,

2.2 HiEKERE

T A RSB BN 2 iR,

K 5-47 38 R E, 43 AR BT 3 AL 2R B
P, tL 3 GA (PSO 1 GA-PSO 3 F 43 ik i) S48 %
g o UIZREHE Jy 282k 1k g A — 16 i B AR EHLAR
BAE B ALE AR CHLAY AR B A X 5 AR
XF L 1] 1 2R R AN 3 R o

ISR 2 AR b i B — AR Y 28 SER IE TF B
R BB, SR T 3 R ARL 4 0 AT 50 3K
S TR | 2 RO s SR S i [ O < T o
] 64 I 25 50 4 RE A Sy 200 A 14 B4, Y1l 25 5o 7
L 28 U UE A B 3 I AR Ak

W 50 P I 2R 85 BAE O S 80k A B I 2
SVM A5 Y | 5% 0 2 5 48 20 47 000 4 288, 4k 4k
P B AR RO X RS AE B, o — 2k o 280k
O R SV E | RUIEAY /TN

T IE T RGN 4 FiR .

A LUA H, GA-PSO R & 5 AR 95w il Jit GA
FPSOS L 3 W S AN 2 o B T 5O A 01 A8 K

2 3WMEESY

Table 2 Parameters of three algorithms

Z K GA 533k PSO 57 GA-PSO RAFH %
VERW 4 100 100 100
TR R /N 30 30 30
¢ N/A 1.5 1.5
[ N/A 1.7 1.7
e 0.9 N/A 0.5
3 A 0.7 N/A 0.7
7 SR 0.02 N/A 0.02

HEN/A LR

®3 P—LITRE
Table 3 Normalized flight status

- GAT
— PSO&j

GA-PSOjlE AT

?30 20 40 60 80 100
RN
6 22 B E - 24 1E i ¢
Fig.6  Average accuracy of cross-validation
®4 SVMERNFHERE
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A conflict detection algorithm for low-altitude flights based on SVM

HAN Dong', ZHANG Xuejun'"*, NIE Zunli', GUAN Xiangmin®

(1. School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. Civil Aviation Management Institute of China, Beijing 100102, China)

Abstract; With the continuous increasing of flight density, the aviation safety in low altitude has caused
extensive concern. Low-altitude environment is complex, and ground obstacles and weather have more signifi-
cant impact on low-altitude flight than commercial aviation. Traditional traffic alert and collision avoidance sys-
tem (TCAS) and other methods may not be applicable to low-altitude intensive flight environment. In view of
the computational complexity and lack of applicability of traditional detection methods, a binary classification
method of support vector machine ( SVM) was introduced. By normalizing the trajectories of own and sur-
rounding aircraft, optimizing the key parameters by intelligent optimization algorithm, and pre-training the
classifier through simulation data, efficient conflict detection for low-altitude flight was carried out. Various
sets of artificial data were utilized to verify the effectiveness of the algorithm. The results show that the missed
alarm rate and false alarm rate are controlled at about 0. 1% and 6% respectively, which proves that the pro-
posed algorithm can overcome the shortcomings of traditional deterministic and probabilistic methods which are
difficult to take both the efficiency and applicability into account.

Keywords: general aviation; conflict detection; support vector machine (SVM ) ; GA-PSO; intelligent

optimization algorithm
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Fig.6  GD curves of four LPI radar signals before denoising
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Table 1 Accuracy rate of recognition

among different methods %
o PIHE T % SF#HREIJ

0dB 5dB 10dB 15dB 204p VEFEE
GD-LSSVM 78.2 84.1 88.6 93.2 98.8 88.6
BDS-LSSVM 82.3 88.9 93.2 96.4 100 92.1
BDS-PCA-LSSVM 84.8 90.6 94.5 98.1 100 93.5
k6] 80.6 85.6 91.7 96.5 99.1  90.7
ST 84.1 89.4 94.3 96.8 100 92.9
A3 92.2 95.3 100 100 100 97.5

F14 B HE AR B, DRI 3R 8 2R S A SRk A
P22 3CHR [ 7] 5 BDS-LSSVM &b, Fil £k B/
SxFAUI A TGS E 2 W E R HEW
HARSRICE] T A [R5 5 e B A DX A RRAE B
PAFE U MER R 1 3CHR[ 7 ] 45 BDS-LSSVM AHIE,
SRS 0UTE: [ 4 AR 73 14 B T R 42 U £ U0
RIS ) s A ST i 25 5 1 X U0 v 5 2 P 4
B Rr R FER IR B 2 By — 8 X 73 JEE /Y X A
DY B A L, 68 2 F A0 8 P T S RO
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LPI radar signal recognition based on BDS-GD
WANG Xing", GUO Pengcheng, TTAN Yuanrong, WANG Yubing

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

Abstract: Regarding the deficiencies of bispectrum with big data and high dimension in signal feature
extraction and recognition, a method combining bispecira diagonal slice ( BDS) with generalized dimension
(GD) was proposed. First, BDS was used to reduce data volume and GD in the multi-fractal theory was taken
to reduce dimension in order to make subtle description for slice. Second, generalized dimension correspond-
ing to three ranks is treated as feature vectors by feature evaluation index based on distance measure. Finally,
the feature vectors will be input into least squares support vector machine for recognition. Four sorts of low
probability of intercept ( LPI) signal are used to be recognized, and the simulation results show that the signal
features in feature space have good aggregation and discreteness, and the accuracy rate of recognition can
reach 92.2% when the SNR is 0 dB, which shows that it has good performance in recognition compared with
other algorithms.

Keywords : low probability of intercept (LPI) ; bispectra diagonal slice ( BDS) ; multi-fractal; general-

ized dimension (GD) ; feature extraction
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Table 4 MTTF of array with different structures, self-repair strategies and scalesh 10*h
TAE4n % H
Mg 25k 5 BB
25 100 625 2500 5626 10000
VB IR 5 B LR R A HL T RE 31 31.459 19.248 10.905 7.3427 5.8743 5.0276
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A0 RS B 4 R i T R B 12. 666 5.5176 2.0103 0.97255 0.64113 0.47813
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0 0.0909 60 0.0346 270 0.0068
1 0 64 0.0165 288 0.0128
2 0.0002 72 0.0433 300 0.0284
3 0.0003 75 0.0061 320 0.0144
4 0.0009 80 0.0244 324 0.0010
5 0.0002 81 0.0043 360 0.0154
6 0.0021 90 0.0249 375 0.0054
8 0.0032 96 0.0431 384 0.004 1
9 0.0017 100 0.0110 400 0.0137
10 0.0014 108 0.0250 432 0.0022
12 0.0090 120 0.0522 450 0.004 6
15 0.0023 125 0.0014 480 0.0078
16 0.0079 128 0.0129 500 0.0058
18 0.0088 135 0.0177 540 0.0013
20 0.0059 144 0.0436 576 0.0013
24 0.0230 150 0.0158 600 0.0050
25 0.0008 160 0.0246 625 0.0009
27 0.004 4 162 0.0033 648 0.0001
30 0.0115 180 0.0462 720 0.0014
32 0.0135 192 0.0281 750 0.0011
36 0.0270 200 0.0156 864 0.0001
40 0.0145 216 0.0119 900 0.0005
45 0.0090 225 0.0119 1080 0.0001
48 0.0400 240 0.0492 1296 0
50 0.0038 250 0.0033
54 0.0131 256 0.0057
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Reliability analysis of bus-based embryonic electronic array
based on multi-state system
WANG Tao, CAI Jinyan, MENG Yafeng” , ZHU Sai

(Department of Electronic and Optical Engineering, Army Engineering University Shijiazhuang Campus, Shijiazhuang 050003, China)

Abstract; Through the analysis on structure characteristics and work principle of bus-based embryonic
electronic array (BBEEA) , the multi-state system theory is introduced to the reliability analysis of BBEEA ,
and the universal generating function ( UGF) was used to model and analyze BBEEA reliability. Compared
with BBEEA reliability model based on n/k system, correctness and validity of BBEEA reliability model based
on multi-state system are verified. BBEEA reliability is analyzed based on the proposed multi-state system reli-
ability model so as to guide the structure design of BBEEA according to reliability requirement. At the same
time, in order to analyze the performance of BBEEA, comparative analysis of reliability between typical em-
bryonic electronic array (EEA) and BBEEA is completed. The results of analysis show that reliability model
based on multi-state system can analyze BBEEA reliability in nature, and it can associate working states and
reliability of BBEEA , which has great guiding significance on structure design and preventive maintenance de-
cision of BBEEA.

Keywords ; bus-based embryonic electronic array( BBEEA) ; self-repair; reliability; multi-state system;

n/k system
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Impact time control guidance law for large heading errors

WANG Bin, LET Humin " , LI Jiong, YE Jikun, LI Ningho

(College of Air and Missile Defense, Air Force Engineering University, Xi’an 710051, China)

Abstract: In order to achieve salvo attack for large heading errors with integrated time, an impact time

control guidance (ITCG) law for large heading errors is proposed based on equivalent sliding mode control the-

ory and Lyapunov stability theorem by adopting the nonlinear guidance equation and the time-to-go approxima-

tion algorithm according to predicting interception point ( PIP). For stationary and non-maneuvering constant

velocity targets, the proposed guidance law achieves impact time successfully with any designated initial head-

ing error even when the closing speed is negative. Initial conditions of the missile guidance are widely broad-

ened. Rigorous theoretical proof demonstrates the validity of the guidance law. The simulation results under

different initial conditions verify the effectiveness of the proposed guidance law.
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Stability analysis of explorer in soft landing mode of
engine shutdown at touchdown
DING Zongmao', WANG Chunjie""> ", WU Hongyu', DING Jianzhong' , GUO Fan’

(1. School of Mechanical Engineering and Automation, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. State Key Laboratory of Virtual Reality and Systems, Beijing 100083, China;
3. China Academy of Space Technology, Beijing 100094, China)

Abstract: The soft landing stability will be greatly reduced if the main engine of planetary explorer fails
to shut down timely. In order to avoid this reduction, a new shutdown mode is introduced to serve as a remedy
where engine is shut down at touchdown. The dynamic model of the explorer equiped with novel landing gear
system was established, and the model of variable thrust rocket engine and attitude control thrusters were atta-
ched to it for the analysis of the remedy. The Monte Carlo simulation is used to analyze the soft landing stabili-
ty of the explorer under three shutdown modes, which include the mode that main engine fails to be shut
down, the mode of shutdown at touchdown mode and the mode of shutdown at touchdown with attitude control-
ling, considering the uncertainty of the landing site and the explorer state at touchdown. By adopting the de-
scriptive sampling method and a termination criterion based on the relative error of the mean estimation, the
efficiency of Monte Carlo simulation is improved on the premise of ensuring the accuracy. By comparing the
landing reliability among three modes, the pad contact engine shutdown technique efficiently improves the
landing stability by 11.6% after failure of main engine shutdown occurs, and the introduction of the attitude
control system increases the reliability of successful landing by 9.7% .
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Table 2 DBN network structure and

reconstruction error

DBN [ 4% &4 4 R 2
[4,6,10] 0.083
[4,8,10] 0.047
[4,6,8,10] 0.076
[4,8,12,10] 0.037
[4,8,9,10] 0.028
[4,8,9,12,10] 0.049
[4,6,8,12,10] 0.065
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Table 3 Confidence level of fault classification

[ i BEE 1 BEE2 BERE3 BG4 BERES
FO1 9.00 x10 ~® 1.08 x10°° 6.01 x10 77 2.35x10°° 4.90 x10 7
F02 2.41 x1077 7.09 x107 5.39 x10 7 3.77 %1077 6.06 x10 7
F03 5.16 x10 ~* 2.60 x10°? 3.05 x10°? 1.40 x10 73 6.57 x10°°
F04 6.30 x107° 2.35x10°* 1.81 x10°* 1.15x10°* 2.50x10°°
F05 2.78 x10 ™! 7.97 x10 7! 6.44 x10 7! 9.47 x10 7! 9.99 x10 ™!
F06 1.16 x10 2.05 x10°° 3.78 x10°° 3.17 x10 77 1.91 x10~°
FO7 1.01 %1073 7.27 x10~* 1.08 x10 73 1.88 x10°* 1.18 x10 73
FO8 1.10 x10 73 4.65 %1073 2.30 x107° 8.12x10°° 4.31x10°*
F09 7.16 x10 ™! 2.01 x10 7! 3.52x10°" 5.14 x10 72 5.54 x10°*
F10 4.66 x10 7 4.68 x1077 4.34 %1077 1.40 x 1077 3.39x10 %
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Table 4 Results of fault diagnosis Table 5 Comparison of fault diagnosis accuracy
i T C(F) IR A EH 2/ %
FO1 3.9x10°° 0 FF IR B 2 2] 1l B il 5 12 W A Y 99.58
-7
F02 7.6 X107 0 VR 157 7 I 4 95.30
F03 7.16 x10 7 -
F04 0.38 x 10~ 0 BP i 2 o) 24 13 A1 82.13
F05 0.998 1 . - N e o A
roe 410 0 DA, A% SC TR P 0 5 T 0% B 2 o £ W e 5
F07 3.25x10°° 0 12 WA B E 1 5y 99. 58% , Lt TG e SR il 5 B Y
FO8 0.161 x10 3 0 I , e e A L 2
r0o 0 129 0 W 85, [ - BI85 46 E 80 2 2 W 14 9 v
¥10 4.14x10°" 0 R % UL D SRR A O A T AR BT
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Fault fusion diagnosis of aero-engine based on deep learning
CHE Changchang, WANG Huawei” , NI Xiaomei, HONG Jiyu

(College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Through the fault diagnosis of aero-engine, the working status of each component can be cor-
rectly judged, and the maintenance program can be determined quickly to ensure the safety of flight. Based on
the combination of deep belief network and decision fusion theory, the fault fusion diagnosis model of aero-en-
gine based on deep learning was proposed. This model, through analyzing a large number of engine perform-
ance parameters, starts with getting fault classification confidence via hidden features in engine performance
parameters extracted by deep learning algorithm, and then the multiple fault classification results were fused by
decision fusion method to get more accurate results. The JT9D engine failure coefficient was simulated as data
to prove the validity of the method. The results of an example show that the reliability of the data has been im-
proved by fault fusion diagnosis of several experimental results, and the model has high fault classification and
diagnosis accuracy and anti-interference ability.
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Spares transshipment strategy analysis based on
a three-site inventory system
XUE Pei'?, WANG Naichao'?, XIAO Boping'*, MA Lin"*"

(1. School of Reliability and Systems Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. National Science Key Laboratory of Reliability and Environmental Engineering Technology,
Beijing Universily of Acronautics and Astronautics, Beijing 100083, China)

Abstract: In this paper, the effect of variant transshipment strategies on expected backorders (EBO) of
a three-site inventory system is researched. Based on the predefined assumptions and inventory control strate-
gy, as well as the consumption and replenishment process of the spares, the state equations of spares on hand,
spares due in from repair and resupply, and backorders are presented with the consideration of the supply pri-
ority among sites. By defining the ratio between EBO and the number of spares due in, the original nonlinear
equations can be transformed into linear equations. Since the coefficient matrix of the linear equations is in-
vertible , it can be said that the linear equations has only one solution. As indicated above, a Cauchy sequence
of the number of spares due in is constructed to approach the sole solution. Finally, the numerical values of
the EBO under two transshipment strategies ( fixed probability transshipment and priority preferred transship-
ment) are compared. The results show that the strategy of priority preferred transshipment can not only
increase the utilization rate of spares but also reduce EBO of the system in most cases. In addition, it can be
found that the effect of different transshipment strategies on the EBO mainly depends on the feasible space of
transshipment strategies, which is mainly determined by the rate of demands filled by local site, the inventory
allocation scheme, and the repairing and demanding rate of each site.

Keywords: spares; three-site inventory system; expected backorders ( EBO) ; transshipment strategy;

priority restrictions

Received : 2017-04-06; Accepted: 2017-05-12; Published online: 2017-07-11 11 .46
URL: kns. enki. net/kems/detail/11.2625. V.20170711. 1146.002. html

# Corresponding author. E-mail: malin@ buaa. edu. cn



2018 4 3 A
F44 4 H3 1)

tEMEMRKAEFER

Journal of Beijing University of Aeronautics and Astronautics

= b
:lt-ﬂi March 2018
M2 158 lvol.44 No.3

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2017. 0148

jbuaa@ buaa. edu. cn

— MM EHEATEHENHEZEEREEE X
2ol KR, BEB, MR, BEY

-
Q ﬁ (demtfiizs A R K% i FF R TR B, Jbat 100083)

i o AT ML R B %N & 2T (MEMS-IMU) 8 5 # % AL & 4 (INS) 5] A &
RBE(ZUPT) HREREZFHERREZ, ERTZUIPTHE AT RATHEABECME, R &4
BB HBR, LENTAZHREECE L HEH RN, UKL TE, b, BRET —
SEHBATEENRAMBZUPT Bk, oM T EATAGHE#HL & B O E¥FMTHRS fa
MR TR AT AENEIR,ZIT A AR (RE) kx5 frzah it Koy o KR, OF
RERANERN ZUPT EE TR AR HEA#THENAE, A TRIEAXHENTATEAH
MM AF MATLAB 8 F & Xf LM BEHATRE SRR MHEHTT ik 3ALR
BERXV, VENTAEH R L CE S B RN ALk R E R A ZUPT H %, 5] A

Bl R B A ZUPT ok R L Bk R ot R 5 73.83%

x # .
T &

R E S EE . TN967.2; TP391.4

X EEFRINED . A

Bl E LS TR B R A K, AT
I T 7 B R %5 ( Location Based Service, LBS) [ 7%
SKH #E 3G, U HAE KBRS v BT
B A5 S A ) 35 N PR 05 PR A R AL E S R
BIF 5 K 8 28 DN s L D7 125 AT 552 BORS Wfy 7 A7, 7
Bl A2 2 AR S5 ZE =R S5 5 T B Az
M. HAT, ENEM ARG EES R 2 i OFT
B WIFi?! ZigBee " 4545 i I8 24 190 2 Y A7 IR
SENL R Gy @ kTP AL g 1Y T8 IR 8 L &R
G SETRFICL A W E LR G2
IREER W, TR HLRR | KA R A R g AN
W AR R, BE A BOPL L &R 48 (Micro-Electro-
Mechanical System , MEMS) $ R () % & , MEMS 15
£ & BA. G ( Inertial Measurement Unit, IMU) D4
BT AR AR DDFE AR EL ) 3 AR SR A H A5

W %A & 4 (INS) 5 F & 4 E (ZUPT) 5 K X R A5

&R A&

XEHS: 1001-5965(2018)03-0636-09

i ST R B I MEMS-IMU 9 28 P9 2 {7
RGN 2 SR BT 50 o RS T R
AR IE B

HY T Ik A% R AR B A7 AR IR RS 1R 2%, L HBe
B2 7 R 3R M T L &R 4 (Inertial Navigation
System , INS) {7 . 15 2= 3 4 (1 5% ] 2 B[] 9 = 9K
J7 BRVE, T RS B ) MEMS-IMU 8 AR 8 &5, ]
E T 24 A 1 TR) B B2 55 2R 5 1 2 A 3 R F 9 1Y
M, HF MEMS-IMU [ 28 N & {7 & 50 HE 42
INS + EKF + ZUPT J7 &' W d 3% 7 1 %651
AZEH & IE ( Zero-velocity Update, ZUPT ) % ¥ 4
IR IER SRR 2 R HY RERE
JE % ( Extended Kalman Filter, EKF) %t INS"* g it
AR IATIEIE . TR B R E R ZUPT
VI FE A ) B R i B A L B A

Wi B 201703-14; FABH.: 201707-14; M4 H R E: 2017-09-08 1708
M 4& H R b3k . www. cnki. net/kems/detail/11.2625. V.20170908. 1708. 002. html

HEWA : Joiudb S BRBUR A Sk k3 4 (BARIT701)
* B{E{E#. E-mail: xcd@ buaa. edu. cn

SIS K, BAY, Hik, & —HFZEHRATHERHEREBERLX[T] LFEMEMK A FFH,2018,44 (3 ) : 636-
644. ZHANG J M, XIU C D, YANG W, et al. Adaptive threshold zero-velocity update algorithm under multi-movement patterns
[J]. Journal of Beijing University of Aeronautics and Astronautics , 2018 , 44 (3 ) : 636- 644 (in Chinese ).


Administrator
新建图章

kns.cnki.net/kcms/detail/11.2625.V.20170908.1708.002.html

5 3 3

R, A — M 2 aE S BT A IS B (EF i IRk

A
637

P A AT o s R o A R
fi SR W A s ok 6
St s A RS AT E S . N T R AR R
A AN HE IR A% A, TR I SE 20 A A 1% ik A
5 5, AL ZUPT B33k AR 40 i J32 31 0 B 8
EE ) Jor S 3 R A R A RN R HUIR A HEAT R S A
E o MG ZUPT B0k i 2 A 5 19 [ 2 18
— AR = N AT N IR W gz gl 8D E
(Walk) £ X 3% &, 7] LLA SE IE & f4F R iR
2 EE M AT B Bl A s s
iz g #6520 # ak (Stll) | g (Run) | b 4 (Up-
stairs ) 8 4% (Downstairs ) I , I i 18] #1775 204
[Fi) , 2% 3 4 I (0 2 OO, DT T 1) 1 ol
T 2Rz AT N B S ) E R T R

B A R U B A S TR S T A%
AR HAT iz sh B S YU B AT 2 B B
A REES O X ZUPT 553k 2l )
VR {451 5 ) 5k B, AN S M T — i s g T
F N R 2 ) S B A ZUPT 5Bk 16 G,
Xf ZUPT B35 AT 7 40 Ok e ik 1 &
WAT N FE 0k E . BRI A8 5 Fhizs s
SR Z A 5 B e O 125 5 98 05, A R BE AL AR bR
(Random Forest, RF) 55 AR 45 MEMS-IMU %y H 1)
Jon T R A R, SEEXT 5 Bz g A R
s e, SERE T AR IS U S s sh AR A i A
B ZUPT LT E B H . L5 R b 7oA
[F] 4510 T SRR MR, B0k T A R

1 ZUPT &%

1.1 FERSHE

Hi T MEMS-IMU 7 R B 12 22, ISR A
HEATREAE 15 25 4 Bl 28 AT AN I AT 0F 2o 72 3 o
B RBUEMA R K. B, E ML S A
ZUPT LB IE#RF M B R 22, #ig b, 2R
17 NHEHE MEMS-IMU (¥ B 7E 7% Hb (14 J5 B[] Py, 50
VR A B R R I B ) B Ol TR A . ZUPT
BETE AT A 0 I i 2 IR 28 R G X g B 221
1Sk 3 AT A B DLk 52 s i X G 4y
y il A R A AR Ak

H L1 ), B0t ) e f 80 B0 P UK S
b B A Ay 9 2 AR AR i E S L L BT AR Y
— B TR o BRI, A% IR 1 45 25
M7 DL SR AR B A7 A I R 25 55, L I o B T A
B MRS Ay B Ay B DA R, AR SCIE AR
T S R A A R R B T X
HORZS I ZI AT HE o b 2T AR R

v Bl (rad-s™)

150 300 450
FebErd
BL oy fihfh A A
Fig. 1 Angular velocity variation of y axis
k

1 o+ W =1 1 i
1) = 3 (e +

m(l

a(l) - g7

< (1)
[m, | ) Y

A TCk) S e s 200 s JE2 00 #7558 1) R B85y
T E B AR5 WA N R B Y TE B s o, O AT
DA R ZE RN EZE 5 o, Ry O3 JEE R R ZE AR UE 22 5 g
NEE SN BE 50 (1) R a (1) 53 53 O B6F 6] 0 9 1 B
200 1 fy 328 BE R BE A5 | - (1 298 85 m, Ayt
[ %7 P9 JIr A A A 018 o o B P P4, 3 S T

k+W-1

mo= o Yl (2)

WHEAFOLT 2 k20 f T BE R A 38 S
SR (L) BE JUAE b A 20 O 2 IR 2
1.2 FTEHEHEER

T T Ry Y 1E W 28 O BE 7 IE A R
THUIR A Y S AR 09 7 A ) E B AR
RV 4l 5 o iz gh A8 00 BE A T Ck) i 22 21 52 56
T S, 108 IBCE (VRS B i 8 IR A 68 7 1 (L A A
ZUPT LT H € e . 181 2 25t 1 ik k.
B EREFIR AR S Rz sh U I T(k) 224k .

Hi & 2 AL, A A)is sl s UR i TCk) W {542
Pt e W DX 53, B oz s AR O Y T (k) #8
T2 S SR PR AS AR, B A A 0T B — W58 B 1 4P
AR T A A o AR A R A Xk Rz ) s 20 B A &
HARAS W2, # ks ST, T (k) fEFE L L
B/NECSl, A B fE y R T E Rl
Xt T A 4 Fhiz s, A S BRI, T (k)
HRAT — A o IR — > U i A A, 23 ) E B
y W ION AL T Fe R A A AR A ) A0 UK S (G
RYEBRE vy, Z 1o o T Nz sh iR, 4
A2 285 T SUY i R o R R A R A —
(422 Sk, BT A T Ch) 75 B 28 25 A I R/
HA 25 B 25 25 5 I I B A% B
AR AN ], 2R R B (E y B AL y, <y < ¥io

2
o-a



638

b B = R OR

e

2018 4F

F L AT AN [z 3 A8 5T 9 % ) E B y
RANAIRL, I A B E A, K32 3 Pl & Z Flia
B U, ] B (EDRF 3 I A AR A IR A, 3 8K
TENLAS R A T WL B BRI R
4 Fifviz g0 R Y 2 3 ) B Ay, R ks D )
TIEMN Cyy sy, ) DX T) Hp e BCHES B A 10 1, 2 3 1)

HET 3 AT, 45 32 gl s 2% 30 B {3k I
AT5 IR e, BRI T (k) 5 i IR R i
AR AR BR AR v, Iy, 5 SR K 2 H R
6y My, By, BL Ay JylalFa ik o I, 30K i
A G NI R E LA A B, i BRI
S 245 SRR L (14 18 A S R o R B, 52

o] e B R I 3 T o PR 1A 1 3
20 20 20 20 20
15 15 15 15 15
10 10 S0 210 210
E S B M g 5 g S g S
E=3 =3 = =T ’\/\—/\.\/\-\ =
4] 0 0 4] 0
-0 200 200 0 200 200 0 200 300 0 200 200 0 200 400
Rk Rk b RAE RAEL
(a) 1k (b) (c) Bl (d) ki (e) T

M2 5 mpaaghgisl 7(k) 221

Fig.2 T(k) variation of five movement patterns

fee LI

Pl 3 ) E I BB

Fig. 3 Flowchart of zero-velocity determination

threshold selection

2 ZEHRATHERSNFE
B IR B

1E S IERBEH AT K LAY 32 S B I
L BRI RE S B AT AAZ SR A
FH MEMS-TMU SR 5 9 e i il 1 342 157 S8 D
SRHL AR 2 B, SR I AT 1 SRR £ 18 77 0 2%
B B T v B A SR AR KO R A
AU B RRAE [ BRI 50 S 4 A TR
17 A5 3 5 U0 0 A PR R A P 4 7

Syl

2.1

AR AL I = FE0E ] R

I R SR B |y

K4 47 N s B R B g i
Fig.4 Flowchart of pedestrian movement pattern

recognition algorithm

2.1.1 HERELEMALR
| MEMS-IMU 48 5% (9 = b i B2 31 . =l

B MR AL LA T8 1 1) R AR A0 AR SR B 15 2 1B B
G I B =R B (a, a, ca,) = A
(0, .0,.0,),

KA R, AR R I E AR S iR i 2
TR )

CISI Y T8
Fig.5 Definition of coordinate system
F T R S S B N O i3 30 O P B 2 3
BBl B R A o B P A7 AR M S A R R 4R
oA, AR FH P 08 0 D K 7 T 8 Xk D e ROdE AT
AL B, 15 24 (3) s 1A R -

A=(a,a,0,0,,0 ,0, ,0,0) (3)
vl e

o JTTETE @)
0= Jol +o +o (5)

A NIRRT BIG . o fl o N
SHNIGEE (a, a, o) BT =HIAEE (0, 0, 0,)
45 BN A A
2.1.2 #HiErdmERIK

TR S FhAT N s S T 0 2R,
2N FTAL FS (4 B S R 1) S, R TN



5 3 3

K, A — P 2 s ST A R

Elob T aE
{2 A T 2 3 639

(475 % , Xt B de AT 23 4, 9 X i 2 K8k 0 ol R B
FRAE T

BB s, 580,005y A R — B S B0 B
ARLAE N g BEAAS B, R 1) 4
T=f(A) = (L0 S sSuinsShsTey s Tye s 7o) (6)
T AL i) f(A)jy%E[@A 14 R8s
FEA AP 218, B

S, S, F o+ sy

mo= N (7)
o NFEAFREZ, H
o = (8)
S M FEAS R RAE, H.
Sy =Max (s, ,8,,,8y) (9)
Sminj‘]ﬁﬁﬁ%d\ﬁ,ﬂ
s.o=min(s,,s,, " ,8,) (10)
5 ﬁ#z&ﬁr‘

NZ (s, —w)’
Sy = (11)

(N-1)(N-2)o"
r, FIREAS & By SR Z 1D A O R, HL

Z((x “p)(r-p))

\/z (xi _,Uq)z

T jﬂizl-‘yiﬂﬁﬂ ?Hﬂgﬂl?ﬁZlﬂE’J*ﬁﬂégﬁ H
Z((y - ) (2 =)

\/Z(y;—,u)z

r REA iﬂﬁnﬁﬂai&ﬁmﬁ]ﬂ’ﬁﬁa@%ﬁ H

Z((x -p) (2 - )
r.= (14)

\/Z (x _/‘Lx)z

Forbrox, oy, Bz 430000 x Bl Ly BRI 2 BN s,
w, A, 2350w By AT 2 Rl BN Y SRS
¥iME .
2.1.3 5 %475

PLE 27 2 AR 42 A5 R TSP 5
SEVE S AT A T2 N . RF 9k R — bl
IR RUR O 2 B Pl g 22 S Bk 5l A 2 4
BEMLE , RAT IR R B A RE ), O HL R AT Bt
2 ) RE A o T B B o 0] AR Ry R 4R A Y
FREESE TR L4k, RF ik C &) iz i
T4 A 43 28 1IN A AR 5 A DA K S R A T (i)

(12)

(13)

Ho RF B SR — A | — 4 PSR4y 26 4
{h(X,0,) k=12, n, 450 K55,
%Bk%%ﬂlﬁﬂxmjﬂﬁ%ﬁm%mmi .. N RF 5
LR R AR S E AR X R, Bk
TR 43 26 4 38 o B 5Ok T B LI 4y R AR
RF B9 ) 3R B E Q& 6 FoR .

Y%
0[]

R

A2

= _|bootstrap

ke

s
k=
BE

%
Rk

E..
I

ok
{t FAREHL IR it
ey et i
Bl 6 RF 51 5 HUR 5 A
Fig. 6 Schematic of RF algorithm

Hi & 6 WAL, RF S5 3 e A Jpt B = ) O 3 4>
R

TR QIARENLI A, R bootstrap B Hl
HORAETT RIS U ZRAE Sl IR & D AEA, HAgAS
FEA R AEAR 22 B S G U 2R 2k — A 15 21 & 4>
BEHL 5]

]2 HTBENLI &R 2R Xk
ASBEL ] B 23 B HE S kA SRR B, IR A 2 &

Tl oy K45 R

B3 BRI KA R R kR
ZERX A IC R AT IR R R R, E K&
FIH REF 5L %] 5 Fhiz 2 8 2 0 R AIE ] 5 3
110 RPN, IR SRR A% n,,,. =100, KB L
K%E@ﬁﬁﬁﬂﬂ’]%ﬁmiflﬁj\]‘d”%%,ﬂll%ﬁ
T B A R R 1) B30 4 I R ALE 1] S 4R Ay ) 4k
AR i A AL B AT 75 3 PR 5
2.2 ZUPT BxHEEEMAE

TEAF 3 5 iz Shss 20 R i) 2 3 4 2 13 1 F
PUNSE R G o T 8 @ R I, 0 0 5 2 Fhiz 3l
B 2 AT N2 3l B0 52 B3 OH E B y 1Y
3 N R 2R s sl N R 5 ZUPT Bk
PEATRLG o BR{E 3G N R A i AR N & 7 R

Hi 7 AT, A O Gk 1 BR AR 5
FEFEE LT IR

TR EAIFERE AT A — Bz sh Bk
SR A 1 D T R R A S R S o

FR2 XGRS AT N R R
o 4l

Bl
FHIL I

% T?“ﬁ'!
Teefl s st 5

N

SN
b3 &%



640 Ib 5 i % i Kk ¥ it

Ab At 4R
NEEEE

2018 4F

ISt R A

[RUGEiSiEdid

T N
T 4 15t
B A hnél
! FARTERE il | e . ﬂ"']‘!‘?kmffﬂ
=1 IR [~ getp i+

[ SPRHURFRE | | RFSEER NS | 24 | || Bt J

|

: LS
: Jnj it R verd I
J Fid 2L

7 BE B &R AR

Fig.7  Flowchart of threshold adaptive adjustment algorithm

FITRI X A BT R 1A R SR B, O
VR4 i A2 RE 55k I 2k 4 O A B opy 45
B BEA AL 18] 00 B s SR

FR]A BB 2 A SR 4 R
GEZ X &M EE N3k € PSPl v

FES LA 5 Fhuz g X (e I 2ok s
Bl th 1 5 Mz gh A G 2 R E B R % B
I I6) A B ZUPT 53095 20 3 40 5 10 {80 % Ay ) )
X L R EL, R IR o {0 1

TR6 MEHREBEANLBEER i >n, o HE
A0 5 RS IR I 1 3 I ] R A ) R A
b T A R R B

3 XBWEERSW

3.1 HERE

N T Y UEAR SCHE I AT AT VAN R
AT MEMS-IMU 2R 4 Jii i J3 0 A 32 152 5500 1 5L
75 L& 2 RS A BE A AR B, e 45 Inertial Labs 23 7]
f AHRS-1 flbIL A A8 18 00 i R 0 2 A7 080 >R 46
Hoh T BB 3, % AHRS-1 22 3% 18 31 Bl #it
JIEHE . AHRS-1 2 J8 i = Bl om 2k 2 1 B R AL 2=
Bang 1 PR

%*1 AHRS-1 &
Table 1 AHRS-1 parameters

2 5 K P
KFEZR/Hz 200
Wit/ g 6

IRIEE e e /e 50
SR/ mg 0.1
FKFEFH/Hz 200
Eﬁ?%/((")m@") 500

(- S

¢ FREE/((°) - h) 4

AP/ () s 0.01

I FH A5 PR ) o PR TSR AR AL B LB L BB
AR A% 5 Fhiz s 2 = Gih o 5 Fn = b £ 3k
55, I B2 R /NVERTEL - 62,6 g J YU A, #f 2 2
K/NERAEL 500,500 ] (°) /s i Fl P, i 2 B4 1)

T R RF 303 0 5 2 1R S0 A5 7 9 3
FAR GO, R i) 2 iz 2l 85 =X 0] g 1 2 R
7 BIE y , 76 I 5048 AT R R 2% 8 £ N AT
Z AR R B B BRI TR S Fhiz
B 43 5 R4 10 ming,

R T R UEAS SO ) 238 SR B S N
W {E ZUPT B335 X 28 0 A5 BE 1Y 52 0, 78 b 5t il =5
R KB RN IEAT T 3 A58, [y T 3
BT RCR L 5 Flis SN 5050 3 R4
T3 HEAE, RE T NE 2 R,

2 TWEHARX

Table 2 Movement patterns of experiments

o

B 18877 X

FH 1A R AR 2 min i S HLE &

SEH 2 ARUCH EE B B SRR S min; 3B B PR A
MU TR B, W R W Ak S, R R AR
e, IR 12 min; i S PUL A 5 oR A 3 4l

3.2 HEWIE
3.2.1 EFHAEXRA ke & B A

h T BUE RF B3k X 5 Fiis sh B 5L g 8 591 ik
AR S Tz 35 it ik Bodls 4t B
ToAL BT ) 52 B, 15 3 5 Mz SR =X R
AIE ) 5, DA oo =K Y R AIE 1 B e BE AL 2k B 363
AR AN €1 SO S I v | DA 4 €T DS e R VS
AT IR, SR F 10-37 38 8 HIE (10-fold cross vali-
dation) , R ¥ 41 42 B AL 23 AL 10 7, 2 IR %k B
LA VE a4, oA 9 M PE A4, R A RF
SRR AT o SN B R R AR 3 R .

®3 SHEFHEXRMNELLE
Table 3 Recognition rate comparison of

five movement patterns
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Adaptive threshold zero-velocity update algorithm under
multi-movement patterns
ZHANG Jianmin, XIU Chundi®, YANG Wei, YANG Dongkai

(School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract; Zero-velocity update (ZUPT) algorithm is imported to calibrate device’s cumulative error in
traditional inertial navigation system (INS) which is based on micro-electro-mechanical system inertial mea-
surement unit (MEMS-IMU). The positioning accuracy will be reduced when the movement trajectory of in-
door pedestrian contains multi-movement patterns, because the zero-velocity determination threshold is fixed
and only suitable for a single movement pattern. An adaptive threshold ZUPT algorithm under multi-movement
patterns was proposed. The selection of zero-velocity determination threshold of indoor pedestrian’ s five move-
ment patterns including Still, Walk, Run, Upstairs and Downstairs was analyzed. Classification and recogni-
tion of five movement patterns using random forest ( RF) algorithm were realized. And the zero-velocity deter-
mination threshold of ZUPT was adaptively adjusted according to the recognition results. In order to verify the
feasibility and validity of the algorithm, the test data was disposed and was compared with traditional position-
ing algorithm through MATLAB software platform. The three groups of test results show that, when there are
multiple movement patterns in an indoor pedestrian trajectory, the positioning accuracy of positioning algorithm
can be improved by 73.83% when ZUPT algorithm with adaptively adjusted threshold is imported, compared
with traditional positioning algorithm with fixed threshold.

Keywords: inertial navigation system (INS) ; zero-velocity update (ZUPT) ; pattern recognition ; thresh-

old selection; adaptive adjustment
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BridAs 2 = [ b B2l % gl @) Bk i B A7 EOE
fift , It — 2015 B B AL 3 00 3 A O,
& T ERI LAY A9 H R, Sultan Fl Kalim"" 55 41 s
BIUAE) 1 A 3% 2 R i 53 V6 0T 4 6 AT i A9 T B ML A
AT 70 87, 5] A Levenberg-Marquardt 5 2
Xof HILAL) Y 038 R AT 158 22 0 L Bl iR 22 L A5 B ALY
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FEHLAL B30 A= BT ¥, Fe b AL 4% LAY 523 J3 SR
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HIE B ERRE o A SCTE R AR ST Y LA 1, 38 0 T
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INIEFFHURG I I8 B Re PE AT IR o %07 1 e Ak
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SCZ [B] 1Y 56 F BE WL ) 58 BILAL 132 Bl Bl

1 & 3h&E) MR IE iR 5]

Ao 87 88 3 1 1 2 2% AL A 4 40  —  k
ZASH R SR DU FREE, N 1P 2 R, 2 R RS
31 @] P 11 7 3% T DL 6 6 & 1 B o bl 7Y 36
ABCD . 5y B 3l Bl DU 2R 6 2 53 47 7 75 3l P
T S LA 1 S

AR 3R 7 72 , DU FR 4 ABCD [ 37 30T %
%%jm

i0, i03
a,e’ + a,e

=a, +s,e (1)

BL A 2 AR S R T 7S AT ALY

Fig. 1  Planar six-bar linkage with two sliding pairs

i

9, {a,
Goalincaadcaiffabacsraen denssaaiie:
4, ,," D a, G

B2 3 AR @l S AT LA

Fig.2  Planar six-bar linkage with three sliding pairs

Kb a, ay va; EFRE ;s WBSHAE] 1 1E T3
EREAEEET 6, .0, XN EF R IZ S AT«
TR SRl 1S EASUR A E
s, = (a,cos 0, + a,cos B, — a,)/cos a, (2)
s, = (a,sin 6, + a,sin 6,)/sin a, (3)
HBR s, , (1) AT RoR Hy
a,sin @, + a,sin( 0, — a,) + a;sin( @, — a,) =0
(4)
4 060,.0, N A it S0, (4) R 6, .
0, i Ay ok R AR, A R M A g =
tan(6,/2) ,% sin 0, =2x,/(1 +x3) ,cos 0, = (1 -
x) /(1 +x0) ARAR (4) i, i fb T 13— A~ — ot
)=y
Pxi +Q,x, +R, =0 (5)
A
P, =a,sin(0, —a,) + (a, +a,)sin a,
Q, =2a,cos a,
R, =a,sin(0, —a,) + (a, —a;)sin a,
M P, A0 B B R Sl Al DU PR R A A B
oy AFAEAR (S ) 2o 25030 12 -
A, =Q] 4P, R, =0 (6)
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i o - A
A, =4A A, (7) REIR =# 05, =2arctan (xy,;) (8a)
1
A

A =a; —a,sin(0, —a,) —a,sin a,
A, =a; +a,sin(0, —a,) +a,sin a,

A =00, B A =05 A, =0 B, EIR U
FEALAESE A R SRR N O 00 AN g
6 ) Bl 1Y P16 1 AT 2 B 25 5%, DU 3R 5 AL T8 A
{37 B, 2008 5h 1 IR BE ABEFG 1 5 ), JL 4 7 45
WA 3 B, 2 Rk B X B LE T AB FF e B
ERX .

1) A, =0 H A,#0,H1 a;, =a,sin(0, —a,) +
a,sin o, , ATAR GG 55 U B AL S AL AB A9 B AR AL
BLOBCATEE T LS P ,0<0, <
a, +m, 0, = £m/2 +o,, WA D ST KW
EIr.

2) A,=0H A,#0,/ a, = —a,sin(h, —a,) -
a,sin o, , A] AR 45 55 3005 B S R AL AB AT B9 AR AL
ELBCHWIEE TH 1 KR s, i, a, +
m<0, <2w,0, = £ /2 +o,, HHAE D EAL G
75 o

AR (5) K (6), T K4 fr A ffi 15 5
Hm

(b) Hp2fbl
B3 AB KT AL T B A B A 2 Flkig

Fig.3 Two configurations of AB bar in limit positions

(8b)

_Q|+«/I s
2P

1

5, =2arctan(x,;,; )

2 HRHEANERNXTRESZE

X T 8% Sl R Y SF 8 T0E FF L ABEFG, A
WHIET 1A 3l 8l Y P 1 T AF LA 38
2 AR Sl Y T TOE AT HLA D A AR 2,
MR — AN IR B OGN, n] #5345 2 3l @ P 0 AT AL
T M B 5l 5% 45T 1Y) 5% 9 e B = (), B A7
55 A o 2 8] (1 as Sl o
2.1 W1 BHBIERENY

1A By B - 1 T 3% FFAILR Y B AT AR 45
R 23 R N
W — g ¥ oa, + age™ + s, (9)
K cay a5 a; FEFFRE 5, BRI 2 1765 3%
LR BNBEES 50, + B .05 9 X NLEFT I8 Bl A L
a, AR 2 B 5 K5 18 YR A

AR FE S A R, 2K (9) TR

s, = (a,cos 6, + a,cos( 6, +B) -

i6,
a,e’ + a,e

a, — a; — ascos B5)/cos q, (10a)
s, = (a,sin 6, + a,sin(6;, + B) -
assin 05) /sin «, (10b)

THER s,,30(9) Al IR
a,sin(@, - a,) +a,sin(f, +B —a,) -
assin(9; — o) + (a, +a,)sina, =0 (11)
MAXMAAX x, =tan(6,/2),% sin 6, =
2x/(1+x3),co8 B = (1 —a2)/(1 +x2), fLA
AL A W) [ AR a] e 7R h— o8 ikt

Pyx: + Q,x, +R, =0 (12)
K
P, =a,sin(0, —a,) +a,sin(0, +B-a,) +
assin o, + (a, +a,)sin q,
Q, =2a5cos
R, =a,sin(0, —a,) +a,sin(f; +B-a,) -
assin a, + (a, +a,;)sin q,
M P, #0, K (12) 4 fif A A2 -
A,=Q; -4P,R, =0 (13)
LSS
A, = 4B,B, = 0 (14)
A
B, = a5 - (a, +a,)sina, -
a,sin(6, - a,) —a,sin(f; +B —a,) (15a)

B, = a; + (a, +a,)sin a, +
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a,sin(@, — a,) +a,sin(6, +B —«a,) (15b)

A (14) 774 0, 5 6, Z ] 519 e % 25 1)
Hd,B, =0 & B, =0 /R kT e % 25 18] i i 5
X A% Sl Bl - T 0% A LA ABEFG, 2 AR
TACRALE, AWK 4 Py 2 Rty R,

1) B, =0 H B,#0,Bl a, = (a, +a,)sin o, +
a,sin( @, —o,) +a,sin(0, +B —a,), A B IE KL
FRENEIE AL EF FFRYRARGL S, o, 05 = + m/
2 4o, W, EF FFIEE TH3 R 2 1942 ) 7 8%
GF HR SR 2 1 G fiib T80y L7 .

2) B, =0 H B, #0,Hl a5 = — (a, +a,)sin a; —
a,sin( 0, —a,) —a,sin( 6, +B8 -, ), [F#: 0] H 45
A BIE S AL EF R R B ALE, WA, 05 =
+m/2 +a,,fH EF 5 T2 Wizd) T GF
HAZhEl 2 78 G ST 7.

i (13), a1 6,

-
Fs(1) - 2p,
_= 0.t /A,

2P,
(AT B BB F T, SR aretan (x, )
TE( - m/2,m/2) %A, 5 2Z——HX N 05 78

(-—m,m) %1k,

05 =2arctan(x5,,) (16a)

s =2arctan(x5,,) (16b)

, BaH2
c. AR

(b) 2Ry
4 EF FFAL T BRA B Y 2 By 1
Fig.4 Two configurations of EF bar in limit positions
2.2 EHE2ABHEIEAENS
—ANi 3 AR TS E AL AL S —

it 1A A DU BE LA S — Al 2 AR Bl Y
LI, R 38 A A B B A U B L, Al
3 A8 Bl I F- 7S AT LG Y 23 SR Ok T
¥ ABCDA M3 ABEFGA fAH HAR A, H T 3R ER
IR AT H R

i, i(03+8) _ iCay+y) i
a,e” + a,e =a, +a, + s,e + s,€

(17)
Ktes, BRI 3 72 T8 LRSI E ;o) +y
AR BRI 3 TR A
AR FL S AR, 2K (17) R

s, = (a,cos 6, + a,cos(0, +B) —a, —a; —

s;cos(a, +y))/cos a, (18a)
s, = (a,sin 6, + a,sin(6, + B) -

s;sin(a, + ) )/sin a, (18b)
HER s, 30(17) Al KR
s;siny — a,sin(6, - o,) — a,sin o, —

a,sin(6; +B —a,) =0 (19)
A sy ARAEL, A (19) 5
A, =sin2'y (20)

1 (20) H, sin’y =0 fE K752 sin y #0
X5 T 5 X 6, 6y, s, A ME— 0 E ;A Y
sin y =05, A J055F KA, 12X A 00T B HLAG 2
TCHIRY , PG, S R HUAB AATE , 4620 sin y #0.,

3 SXRANFTIE

3.1 W2 ABIHETFEAEFNES RN E
Xt T2 Fhs 8% 2l &l V- 1S AT LAY ) 52
PRI R AN R 753, 20590 05 36 nT AN s Bt 7 1Y
TN e e
Xt 24 & 3 &P N AT AL AR 98

H (1 5a) K 3 (15b)5 3
RS S ) PR S Y T 2 )
'
HHBC0 D5 50408 2l Py et
S A b a2k
AR Sy R 2 () R i A i1 2k
15 PR S RIT- [ 7S HF UL R 51 S0

I

RS Sl R DUBRGEPE £ 1 ¥

BS 2 ARl BT S AT AU 23 SO R AR
Fig.5 Flowchart of branch identification of planar six-bar

linkage with two sliding pairs
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o AR, BRSLS(4) KX (1Sh) , Al 154 2 %
2l S EFFLIE B EF AT AL T4 2 R 2L Y
KA. MRS 1.2 9, Al A3 7E0 7 3l 8 F- 1 5
EEFTHLA DU BRBE ST G AL B I 6 T, A
I Maple B —%E S 8T 2 A8 Sy &l s
BRI AT O BB, 155 0,-0, 73 ST I
MR 1 RoR EF AR T 55 1 Fhotl B 0 5¢ 5 Ji
FeahZeih Bt M 4k 2 o8 EF FFAE T2 2 ik 1Y
MG e th 2 5, M4k 1 5l 4k 2 i BA
SR A 2 A F% 2l &V S E AT LI Y 6,-6,

KATTERe A 1], ih £ 3 Dt & Bl &l DU 3 ABCD 1)
0,-0; Fiy A 2R, SO e S R I A AT L
234 %44 RNV 1z )

A B 7 A ) 0 S, AR TS B 20 S B B
VLM I8 3 73 08 2 A~ 03 50 2-3 (14, Rl Ze 3 3t
— BT RGEE 1 SRR B Sh R DY 3R AR
B2 AN a by XG4T

1) B a 78 51 e == (8] (R BTS2 T 1L Y, %
YU B B R, BAE RURAFTE R, B 14 3 5
IR 2 ATy 1-a LUK a4

2) BERL b ANHE ST e s 8] 1 R VS FEL AT
P Eis s b, JF A REIR ] 12 dh £k, it b
TERL S B 7% Sl B T S SE AT HLA Hh AN 7E

100 ¢

0,/°)

=100}

=200

-150 -100 =50 0 50
0,C)

K6 Al 2 AR 3l BT S AL 23 STl 2k
Fig.6  Curve of branches of planar six-bar

linkage with two sliding pairs

3.2 H3IANBHETEAEFNESRMNT E
1 FF 3 AR Bl B 1 7S 3 FFHLAG A 5 2]
RER e A5 ), B 2y #0 B, EF FF B4 BRI,

3.3 ERIEITEANEFVAMERLLERESTIE
oz (10a) (3 (10b) (A (18a) (A (18b)

IrRIRT 65,05 o v, SROT B G HE AT LA B AT

LS|

—a,sin 0, 0 0

s;sin @,
a,cos 0 0 0 —5,C0S @
3 3 1 2
A=

—a,sin(0, +8) assin 6;  s,sin q 0

a,cos(6, +B) —ascos 65 —s,cos 0

(21)

He 3 (21) JEIT IR HAT 9 A (E N
|A| == Ayazass;s, (22)
KA, =sin(6, —a,)sin(0, —a,) ,a, o, B2
¥ 5l Bl iz 3 5 8% A R DR E o

0 A, =0 WF, A% Bl @ S A LA AR T
A S L E AR LR BT AL B G DL A, EHY
PN B0 T < O VA el ] P G d B F VA

4 = fl
4.1 H2ABHBTEANEFNHAIZRIESR
F| i SE 51

B 1 i 2 A4S 8% Sl R F- T S B8
BIRFZ e 1 R .

MRAEZ 1ty 2 8 3 Al 1 7S 2 FF LR Y
SR IR 2 B 2l - 7S TR 23 5
P73, M Maple 045 21 6,-0, 1970 SOl
2, WA THR o

T 2 EF AR T 4% BRA B i LAL 19 73 52
MU 2 R

HRAE R 7 A 2, AL B9 73 325, B A BL
o AT 3 A~5r32: 1234 .5-6,

F1 W2ABHEFAARNEFNESEH

Table 1 Parameters of planar six-bar linkage

FrHLFG , K 5

with two sliding pairs

Z oM
a, 2.4
a, 5.5
a; 4.8
a, 4.2
as 2.5
a; 2.4

B/(°) 45

a,/(°) 30

a,/(°) 50
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MRAESE 1 I3 mT A5, 24 4% o) |l F- 1 S %
FEHLAG A F FE &AL & i), HLA AE 2 Rl AL 6,
SYBI —162.7° 82.6° WK 7 iR 6, € 82. 6°
A B ANl O e S [ T Rl PR DL AE A 2
AR 3l - oS E AL 2 sV N, 6, =
82. 6° I AN J& T It = EU LAY Hh 1 ol 8% Bl &I - 18 7S
HEAFHLABE o MR LR e, nT 1545 58 3 @l F
#0753 FF LG I SE s 036 3 TR .

BE R AETERE DA 9 43 3 12 43 1 2 A4
3,51 1-a a2,

100 f

0.1°)

=100 F

-200 t
=200 150 -100

S0 0 50
a,/(°)
B 7 Al 2 AR Sl R T 7S 2 AT AL 52 61 20 32 i £¢
Fig.7 Curve of branches of planar six-bar

linkage with two sliding pairs

x2 W2ABHERFEFAAEFNEHIZS
Table 2 Branch points of planar six-bar linkage

with two sliding pairs

g3 3 0,/(°) 6;/(°) 0,/(°) 65/(°)
1 -161.4 -28.6 16.4 120
2 -141.6 -92.2 -47.2 -60
3 -105.5 55.3 100.3 120
4 -15.6 91.3 136.3 120
5 7.9 -152.7  -107.7 -60
6 72.6 -74.6 -29.6 120

®3 H2ABIHETEASEFNEHIESR
Table 3 Dead points of planar six-bar linkage

with two sliding pairs

At 0,/(°) 05/(°) 0,/(°) 05/(°)
bry -162.7 -40.0 10.0 163.9
by -162.7 -40.0 10.0 71.5

FEHLRG A 519 Jie % 25 ] 28l y 32, 2 y #0
I, A B S e e s 1) AR SR 1, AT
FHELLZ BT UM A SE 0, N3 S s

SR 3 AR Bl 1 N E AT LR 2 B
REZILIHEE ABCD 5@l A, =0, 1] 15 2] pU 35
HEIE A, a b ARA I (8) K (4) , #E 1M 15 2 5L 5
b WL 25 38 KT A9 B AR AL

x4 FINBHRFARNEFNESEH
Table 4 Parameters of planar six-bar linkage with

three sliding pairs

Z B (i
a, 3
a, 6
az 5.2
a, 5
a 4
B/(*) 50
/(%) 30
ap,a,/(°) 30

RS HINBHBTEAENNENTES
Table 5 Dead points of planar six-bar linkage

with three sliding pairs

/A 6,/(°) 0;/(°) 6,/(°)
a -78.9 ~40.0 10.0
b -158.9 ~40.0 10.0
4.3 ETHALEESTENTEHE FEA
AT LA 53 32 F i 2
XFTOHE R LE R M o BT S E 2 DI sl E

ZH 0, = -50° S 6, =10°, 4 A SORJE A AD
Beh a il AD I B R 90°J5 B v B, ST AR
PRA . MR 1A 2 AR 3l 8l TN 2 AT LAY
SR E N TR 2 A0 E AR B AL B AR BR 2 8
F O
8 it 2 A~ B Al - 1 7N AT LR £E Al 47
BEEEAM A, 56, RAML ., Ho, A, £R
6, = =50°1) A, WI{E, A, FR 6, =10°H) A, FIfEL.
M AT LU R B o M ids L 0, 2 S B AL A, E A FF
ST, UL WA AR 12 2l BRI o AR 48 AR S0 Ik
R6 H2ABHETFEAAEFNEH2MLESH
Table 6 Parameters of planar six-bar linkage with

two sliding pairs for 2 positions

4.2 HINBHETEAANEFNEIZIRIER

30 57 3% 1
2 S 3 AR S S A LA L S5
IR BRI % 4 s

MRAEE 1.2 W nl 43,47 3 A8 3l &l F- 1 N %

E i ¥ 1 17 H 2
6,/(°) -50 10
B (3.54, -4.21) (5.42,0.96)
E (2.94, -0.06) (1.75, -1.10)
F (1.32,1.85) (-0.12,-2.97)
A, 0.25 -0.34
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Fig.8 Change of A, with 0, for planar six-bar

linkage with two sliding pairs
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S . S B, OGTT e B A3 6] 4 BT vk 7E LK
2T [ 38 3 B T T A G A B R
W5 i, F 38 3k 43 SR ) 1 e bR TR S R
LU, ST e 73 18] 43 BT 15 BE A5 B HIL AL A PR 7 5
(4 T AT 40 3 U A A B BT A 9% T 7 A PR Y
FrEE X 0 W AL ) 7 A B A7 ) ) R AT
YERT o D30, 5 i i 25 8] 4 W 2% 3 3 43 52 18 )
P REH HILAL 1932 3h 3 1] 38 s 32 3l ik B 175 i
HhFik ok

5 & #

1) MR BRI 23 3K, T 25 4% 3 i 7% 3l 7 0 36
S BRI, 45 B AU 7 R BRA i 1y LA R L

2) 4G =Mootk Ao Gk | 15 2L R
BIRASE 4% A~ 519 Ay EL AR S BE, Dl A% 2l - T S
EEATALAA I BT 5 i i $R 0 T — % i BV Ak

3) 2 ANHERE S S (DU PR BE A TR 6 ) AT
i 5 20 R LAY iz 3 A% 3h @i N AT BE Y 0 SR

e R, FF AR BIHLAL 1 12 By 73 3 R A 53 30 B AR
BB o 3 I S U K R R AR O AT ik
PUEE AR BIAS SCTT I RE FI T — € 2 80T 197 32 3
il TN R BILAL 1 32 2l Bk B Az Y, LK 2
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A method for branch identification of planar six-bar
linkages with sliding pairs
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School of Mechanical Engineering, Hubei University of Technology, Wuhan 430068, China;

2. School of Mechanical Engineering & Automation, Beijing University of

Aeronautics and Astronautics, Beijing 100083, China)

Abstract; The identification of branch, motion defect and range of motion of the planar six-bar linkages

with sliding pairs is an important indicator for motion characteristics of linkages. Firstly, this paper divides the

planar six-bar linkages with two sliding pairs or three sliding pairs into four-bar chain or five-bar chain. B-ring

in Euler’ s formula and trigonometric substitution method, the specific configurations ( including branch points

and dead points) of the planar linkages with sliding pairs in their limit positions, input and output relationship

and joint rotation space are obtained. Secondly, this paper combines two chains and proposes a method for the

branch identification of planar six-bar linkages with two or three sliding pairs. Finally, this paper verifies the

proposed method with examples of planar six-bar linkages with two and three sliding pairs. The branches,

dead points and the specific angles of joints in limit positions of the two mechanisms are calculated. The pro-

posed method gives a convenient and effective way for the automatic branch identification of planar linkages

with sliding pairs.
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