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Fig. 1  Variation curves of quaternion ( without consideration of actuator dynamics)
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Fig.2  Variation curves of angular rate ( without Fig.3  Variation curves of attitude control torque ( without

consideration of actuator dynamics) consideration of actuator dynamics)
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Spacecraft attitude passivity control based on PCH model
WANG Qing"* , GONG Ligang' , DONG Chaoyang’

(1. School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

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

Abstract; For the spacecraft attitude control problem in the presence of disturbance torques, a passivity
control scheme based on port-controlled Hamiltonian (PCH) system model was proposed from the perspective
of energy. By writing the attitude control system in a PCH form and adding the state related to integral of atti-
tude error, the interconnection and damping assignment passivity-based control (IDA-PBC) method was then
utilized to design the controller and provide the closed-loop system with desired internal interconnection struc-
ture and energy dissipativity properties. The proposed control scheme can guarantee input-to-state stability of
closed-loop system. The actuator dynamics was then considered and backstepping control scheme was utilized
to compensate for control command. Combined with command filtering technique, the computation of higher
order derivatives of virtual control was avoided and uniform ultimate boundedness of the closed-loop system was
proved theoretically. Simulation results validate the performance advantage of the proposed control scheme over
that based on passivity alone.
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Table 1 Main parameters of quad-rotor UAV
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Table 2 Comparison of hovering modes

between two study cases
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Table 4 Comparison of some modes between entire
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Fig.2 Responses of linearized mode to state perturbation
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Imperative modeling elements for multi-rotor unmanned aerial vehicles
WAN Jia, LIU Hong" , WANG Fuxin

(School of Aeronautics and Astronautics, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: The multi-rotor unmanned aerial vehicle (UAV) is one of the popular configurations in the
UAV industry for small UAVs. However, research on the modeling of multi-rotor vehicles and its characteris-
tics regarding flight mechanics is still limited. A flight mechanics model for multi-rotor UAV is developed
based on a classical helicopter model, and is used for the initial analyses of the hovering modes of a multi-rotor
UAV. The results show that the dynamic stability of a multi-rotor vehicle is lower than that of a conventional
helicopter, and the Dutch-roll mode is replaced by the lateral Phugoid mode. Based on the weakly-coupled
system theory and simplified longitudinal equation of motion, the impacts of different modeling elements on
multi-rotor modeling are analyzed, including the rotor rotation degree of freedom ( DOF), the rotor inflow
model and the rotor aerodynamic moments. It is shown that the rotor rotation DOF has large impacts on the
flight mechanics characteristics of a multi-rotor vehicle with stability augmentation system. For a rigid rotor,
the inflow distribution is one of the definitive factors for the rotor pitch and roll aerodynamic moments, which
play an important role in the hovering modes of a multi-rotor vehicle. Therefore, all these three elements
should be considered in the modeling and flight mechanics analyses for multi-rotor vehicles.

Keywords : rotor vehicle; mode characteristics; modeling; rotor inflow; system coupling
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Hardened test method of structural reliability based on correlation analysis
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(School of Reliability and Systems Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: The traditional test verification of structural reliability is generally based on the independence
assumption between loading stress and structural strength. Stating with the correlation analysis of stress and
strength, we propose a hardened test method of structural reliability verification based on the stress-strength in-
terference model with Copula correlation when loading and strength both follow the normal distribution. The
method combines Copula functions with stress-strength interference model to achieve the transformation of the
original reliability index and reliability index under the hardened condition, and the reliability is estimated by
the traditional binomial distribution test under the condition of small sample. Compared with the independence
assumption, the results show that the negative correlation between stress and strength leads to the increase of
sample size and the sample size decreases with the decrease of negative correlation; the positive correlation
leads to the decrease of sample size and the sample size decreases with the increase of positive correlation.

Keywords: stress-strength interference model; hardened test; Copula function; test sample size; struc-

tural reliability
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Fig.3 Contours of Mach number distribution on

central plane of missile for subsonic inflow
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Fig.4  Contours of Mach number distribution on

central plane of missile for supersonic inflow
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Fig.5 Vertical force, velocity and displacement of

missile versus time for subsonic inflow
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external store separation of subsonic inflow at 1 =0.1s
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Fig.9 Vertical force, velocity and displacement of
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angle of missile versus time for supersonic inflow



1092 G| AN T Nl N = 4

2017 4

S BN T3 55 AL 267 N - m, SRR ) 46
912441 N - m, i 3R T MBS AR Y RFAT T
Hi o 0.05 s B AP BEHORT P HEHBERCHA fR o R o
WA 0.45 .1.29 rad/s,

1£0.05s G I JF 2 0.4 iy, WHLEL
TG AN B A 52 T3 K ARFARD g 5 3 58 4 AR
J 78 A i e O FE 584K % H J7 n] 52 ) 5 T
0. 05 s/ Ah 4 B AR B B ) R A ) RO,
TE 0.45 s IA 5] — 30 kN, 1] P 311 5 W54 88 B )
BHN—HB/NFE0.22 s WAE , Z 5 & 1 5 1h
o] b BELAS AR T 9%, NIE 9 (b) AT LU H1,0.22 s
Jo AT Vi R AN B . O SR BT Z AR A0 )
JE 75 T < AMHE B AR TE S S ) S BT 2 AR A
JIHEGE A AR Sk T3 I IS AR Sk 07 4 AN s/ |, 78
0.26 s J/NB 5 A2 g 36k SR o T A A
IRAESC S 305 0 JE MR Z B4R Sk I MPE I, 2
Je 483k 1 A N 7E 0. 1 s LUJE AR MK Sk
TSN . eI B B, A 35005 A A ) 9
BN IRAR K 5 AR K, HLBE S AT ARk A
JEFRFEE R, N PR SRR R S A R I — AR
B ORIk F) 240,

P L1 Sy P R B 45 F T AN 0. 1 s i
Vi BE M E (op/ox =0.7) A5 feL 1 4] o 3l i
JRE ol 25 L TED PR TT LA M M R B O 3 I R A
Hy o B 1203 i 2 SR R 2R R T 4 A s R
Kotk % 160 AN [ J8] ) A 8 ) R B M. A
P L] LUE HY R P Ok U 250 T i AR
3 Fh 2 AL B - DA AL T Ay S A S 58 04 JBE A 38
W s @AY N1 Ay He BT 2% 1 RHBORE , 2 RN T 7
SR 1R Q28 AL Iy ¥t 3 52 5 38 5% el 7 A= Y
AR VIR AR BE AR X R 55 o B2 WO R T R A R
T 343 A A Y2, WEL 12 FT LU L AR e
J SRR S AR S T X [ IR pl T o 2R S AR
MIVEHT, sk B R L 758 2 N R R
DX PR A A A 58 R 52 B AR RSk o4 . R AE

P AR AT 1=0.1s
AN PRI 37 5 A 4 T
Iso-surfaces of density gradient of external store

Fig. 11

separation for supersonic inflow at 1 =0.1s

S A SRR, SR T 325 AR AR T N BB, Y
A2 TS TR T R 5 A S ARk . Rl
M 12 Rl DU 0 2 A 000 3 T s ) 2 A
WAEIE] IR T 32 MU B2, SR A —
#1151 i UL T B0

P 13 Syl 7 R 3 2% 1R R Ah I 0. 25 s
I B BE B T (9p/9x = 0.7) S5 {EL 1 5] 5] 14
i Z SR bR ST ) 0 A P R Bk B
JET R B A . N 13 AT LU i

B2 B EORAME T =0, 1s MR AR
JE 353 4 25 P B AN T J o) Ao 2 Ak T g 2 5003 A
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buried store seperation of supersonic inflow at 1 =0.07 s
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Fig. 19  Vertical velocity, displacement, pitch angular
velocity and pitch angle of missile versus

time for improved launch mode
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Comparison between external store separation and buried
store separation of fighter
ZHANG Qunfeng"* , YAN Panpan', LI Jun’

(1. School of Civil Engineering, Beijing Jiaotong University, Beijing 100044, China;
2. Shenyang Aircraft Design and Research Institute, Aviation Industry Corporation of China, Shenyang 110035, China)

Abstract: To analyze the difference between external store separation and buried store separation, several
separation cases were simulated using the same missile under the conditions of both subsonic and supersonic
inflow. Improved delayed detached eddy simulation (IDDES) method based on Menter SST turbulence model
and overset mesh method were employed. Different trajectories of missile under different separation conditions
were obtained. The results show that under both subsonic and supersonic inflow conditions, the buried missile
is impacted by the strong unsteady flow field inside the cavity and shear layer at the cavity lip. It gives the
missile big upward force moment which leads to obvious attitude angle variation. Compared with external store
separation, the quality of buried store separation is much worse. If the missile is given a downward angular
velocity and goes through the shear layer in pitch down angle, the side effects caused by shear layer can be
substantially reduced. By using this launching method, the buried store separation quality is improved appar-
ently.

Keywords: weapon separation; buried weapon bay; shear layer; detached eddy simulation; overset

mesh method
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Fig.1 Schematic of wind-tunnel test model of a wing
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Fig.5 Open-loop output responses of system without control
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Active flutter suppression design of a wing based on sliding mode observer
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2. School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Active flutter suppression ( AFS) is a worldwide well proposed solution for the flutter of air-
craft, which plays an important role in modern aircraft design. Many studies have shed some light on the AFS
usage of sliding mode control strategy and the sliding mode observer, acting on two-dimensional wings. Here-
in, a wind-tunnel model of an actual wing which has two tailing-edge flaps is selected to examine the effective-
ness of a low-order sliding mode observer which will be applied to AFS design of 3D wing. This observer has
superior performance and distinctive features. However, the traditional complicated design routine limits its
application to high-order objects. A new simplified design procedure is proposed by using a gain matrix of the
Kalman filter in linear quadratic Gaussian (LQG) method. Then, considering the physical property of aero-
elasticity, the new method can be put into practice theoretically. Comparison analyses are given. The results in-
dicate that the sliding mode observer method has a better noise resistance ability than the LQG method.

Keywords: aeroelasticity; active flutter suppression ( AFS); linear quadratic optimal control; sliding

mode control; sliding mode observer
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Fig.8 Comparative results of Fig.5(c) by dehazing with different methods
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Table 2 Quantitative results of several methods
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e r H e r e r H e r H
Kl 5(a) 0.02 1.28 0.1231 0.04 1.33 0.0978 0.05 1.34 0.145 0.06 1.48 0.1131
& 5(h) 0.03 1.45 0.0812 0.03 1.55 0.086 0.06 1.73 0.052 0.08 2.12 0.0433
K 5(c) 0.06 1.86 0.0842 0.07 1.56 0.077 0.06 2.04 0.0342  0.08 2.72 0.0256
LIU H B,YANG J,WU Z P, et al. A fast single image dehazing
5 -Q-:IE -i{e method based on dark channel prior and Retinex theory[ J]. Acta

1) AR ANEG LS T kRG T
B R, S I E, J0ie N E AR
o LR R R A 1 b A R AR T

2) ARSI AR TR RO 1) AR 5 1) AR
A b, sE o MU T BEBAS B (A5 B TR inp ik 2%
JEENAS R R A 22 524k, SR B0 T 1 3l i 4 TR S e
ROST 01 2% P8 L 1) D7 3k A 8 5 7 06 W) B R 1V o

3) RSO EAE I RO R B I 2451 4%
2 B JC ML G SR AR, (X — 28R IF A
& T JE AMLIEAT R AR A BE AR (1
I, EH T — 20 TAE A o AL AT
FEVE T A2 B A D7 3k it o, DU 9 2R 3007
I8 YL

S 2k (References)

[ 1] xR A, RAEY-, 45 36T W 38 38 S5 90 A Retinex 3%
PR L PR R 25 D5 ik [T ] A B e i, 2015,41(7)
1264-1273.

Automatica Sinica,2015,41(7) :1264-1273 (in Chinese).

[ 2] kB4R, Wenite, T5M. —Fh 5L T 1558 1 e 5 1 pe s B 14
£ERP[T]. BT ,2015,43(7) . 1437-1443.

ZHANG D Y,JUM Y,WANG X M. A fast image haze removal
algorithm using dark channel prior[ J]. Acta Electronica Sini-
ca,2015 ,43(7) :1437-1443 (in Chinese) .

[ 3] NARASIMHAN S G,NAYAR S K. Vision and the atmosphere
[ J]. International Journal of Computer Vision,2002,48 (3) :
233-254.

[ 4] FEWA,PRoR, FICER 55 . 456 1k 3 3 D 3 0 003 18 % 1 3
EEBIEET]. T EERETE 4R ,2014,19(2) :313-321.
ZHOU Y W,CHEN Q,SUN Q S, et al. Remote sensing image
enhancement based on dark channel prior and bilateral filtering
[J]. Journal of Image and Graphics,2014,19(2) :313-321(in
Chinese) .

[ 5] LATY H,CHEN Y L,CHIOU C J,et al. Single-image dehazing

[

via optimal transmission map under scene priors [ J ]. IEEE
Transactions on Circuits and Systems for Video Technology,
2015,25(1) :1-14.

NARASIMHAN S G, NAYAR S K. Contrast restoration of

—
[o)}
[

weather degraded images [ J]. IEEE Transactions on Pattern

Analysis and Machine Intelligence,2003,25(6) :713-724.



55 6 3] XUEHE 45 2 T RAOCE AT R T ABLER 4% 05 1l

[ 7] FATTAL R. Single image dehazing[J]. ACM Transactions on simulation based on hierarchical degradation model[ J]. Ad-
Graphics,2008,27(3) :1-9. vances in Intelligent Systems and Compuling, 2014, 277

[ 8 ] SULAMI M,GLATZER 1,FATTAL R, et al. Automatic recovery 221-232.
of the atmospheric light in hazy images[ C] /2014 IEEE Inter- [14] MATEOS G,GIANNAKIS G B. Robust PCA as bilinear decom-
national Conference on Computational Photography ( ICCP). position with outlier-sparsity regularization[ J]. IEEE Transac-
Piscataway, NJ : IEEE Press,2014.1-11. tions on Signal Processing,2012,60(10) :5176-5190.

[ 9] TAN R T. Visibility in bad weather from a single image[ C] // [15] MCCARTNEY E J. Optics of the atmosphere  scattering by mol-
IEEE Conference Computer Vision and Pattern Recognition. ecules and particles[ M]. New York: Wiley, 1976.
Piscataway , NJ: IEEE Press 2008 ;1-8. [16] HAUTIERE N,TAREL J P, AUBERT D, et al. Blind contrast

[10] HE K,SUN J,TANG X. Single image haze removal using dark enhancement assessment by gradient ratioing at visible edges
channel prior[ J]. IEEE Transactions on Pattern Analysis and [J].Image Analysis and Stereology,2008,27(2) :87-95.
Machine Intelligence,2011,33(12) :2341-2353. [17] JOBSON D J,RAHMAN Z,WOODELL G A. Statistics of visual

[11] TAREL J P, HAUTIERE N. Fast visibility restoration from a representation C] // Proceedings of the 2002 Visual Informa-
single color or gray level image[ C] // IEEE 12th International tion Processing XI. Bellingham ; SPIE ;2002 ;25-35.

Conference on Computer Vision. Piscataway, NJ ; IEEE Press, [18] HUANG Y,DING W,LI H. Haze removal for UAV reconnais-

2009 .:2201-2208. sance images using layered scattering model[ J]. Chinese Jour-
[12] WM, 48, X005 . 5 T 20 24 il fA i 3l 5t 28 09 — 4 7% 3h i nal of Aeronautics,2016,29(2) :502-511.

B[], dE mUAL =8 B K R 2% 2% 4k, 2015, 41 (12) .

2280-2287. EEE N

YAO P, WANG H L, LIU C. Three-dimensional rolling path XEE B LU A, TR, R A

planning via dynamic fluid disturbance[ J]. Journal of Beijing IE WA Ak BRRD G b B

University of Aeronautics and Astronautics, 2015, 41 (12):

2280-2287 (in Chinese). TG & W T B, A S J RS 5 i K

[13] LIU S,LI H,YUAN Y,et al. A method for uav real-time image HE TR R T e

A haze removal method for unmanned aerial vehicle images based on
robust estimation of atmospheric light

LIU Chunhui'?®, QI Yue’, DING Wenrui' *

(1. Research Institute of Unmanned Aerial Vehicle, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. State Key Laboratory of Virtual Reality Technology and System, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Aimed at the problem that the quality of the images acquired by unmanned aerial vehicle
(UAV) is easily reduced due to the fog or haze weather, a haze removal algorithm for UAV images based on
robust estimation of atmospheric light was proposed. The proposed algorithm selects image patches with differ-
ent surface reflectance rate to obtain the pixel line of each patch. Using the properties that all the pixel lines
are coplanar with the atmospheric light, the orientation of the atmospheric light vector was calculated. Based
on the fact that scene depths of each pixel in the image are similar, the global transmittance is defined. The
amplitude of the atmospheric light and the dehazed image are obtained using the global transmittance and
projection of the pixel lines on the direction of the atmospheric light. In order to apply this method to different
types of images, the measures of automatic adjustment of image block size and condition threshold were adopt-
ed to improve the robustness of the algorithm. The experimental results with the real UAV images show that the
proposed algorithm has a great improvement in the visual effect and objective evaluation index compared with
the existing methods.
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TN MLC A IO R 7 A 4% ((Test Pattern
Generator, TPG) | %i 1 W [ 43 A7 #§ ( Output Re-
sponse Analyzer, ORA) F1#{ il 8. 5C ( Block Under
Test, BUT) ¥ ii{ ) BIST 4544, 52 B 4 51 ) 75
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1 WETRHEFELEERN &N

1.1 WERREMHEREN
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BLAE DI RE L % SUBETC A WL B AN AR 458 o v, 3L
BETUAR WL B ) 12 5 D BE 5 2h BE vl B o8 AR T, L
HA e AR R A o BURETTAY H % 04 i Hh AL 6
Draeka R IR 5 R 2. o, D RE
DI RE LI B L B DR AE T AT AR 1 B . A
T 45 1 5 ) R B 2 A L Y B R A A
(A, ARG F) 2 A e i HE AN ] A R £ 5 A
Zerd A Y R AE B, 0 R R R . &l
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(ERLS

B L BT R A I 45
Fig.1 DMR checking structure

1.2 BRRR B F 48 B B 51 h B B4R T SR 4G il 45 44
1.2.1  JEAE & F 20 0 4 3 69 12 4% 3 e )

e S5 7 R i v, 3 400 D P 47 v A OB T AR 7 4%
Mgt e 2 pros. B R s m T
240 B 2 A AR I, A R R T R D A 1 S RE R B

2 WG T AR N B R R OB T A
Fig.2  DMR mapped on embryonics array
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U ERT R g Rl NS KR =g (U R RS i PR N3
H B 25 PR 20 ML o R e FL 200 4 5 ) o R 45
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# A I ( Local Detection, LD) . A\ T % % & 4¢
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1) s U 28 05 o AN AL AT DA T H - 48
DAY A T L R L 3000 4 [ ) 32 4 e
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Table 1 Comparison of fault detection methods
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By ESCEUR I EE B AR, WE 3 PR, |
WH P HEAS LUT B 45 0 i, MRz LUT 5 4%
Jpi— 1.0+ 1 B LUT g3 8 AH &R, 55 50 0, X F
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Fig.3  Structure of checker
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E :
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Ui Al R Y,,Y,, Y, h{L Y, =0, K
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%H X, =1
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AN X X PR, (2) s 1y B A
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FAAE2 AN 0 Z A 1 By %0h 11 A0, W) G fi .
FEAG DU 25 1E 5 T AR, 3 Rl & AN A R & AR 1Y,
TSR A D050 ARG I 28 1B B A 2
TE 2 1) FH 30— S B i R R

2 ST &M M E Big it

B H 34k % i1 ( Electronic Design Automa-
tion, EDA ) $¢ A JE 4 5 42 il H B 152 T R00% 1 5
AR, & H A8 R BT R .

B2 FE 5 W EDA ¥t id B v, g IR i
T4 2> W i Ak, JC T A5 31 UL TC 4% 1 K6 235 4
FrUL, S AE R A B EDA T BHILRE b, JF & B i
AB A% 7= A BURE 0 A% 4 U 45 #9 i B F R P . 5 3
kL 14 ] TR TR D5 YR AN TR] AR SOR 2 AR FL T
ZWEFEH ABC 2 B ZE 4 T 7E i kAl L, T
R —Fh XU TC A K 0 45 44 19 B B Ak A R T
UL TUA K 0 4544 1) F 3h A B it int 72 an 1] 4
FRR o 5 N AT RUBE TU AR (1 D) RE H PR
fili & SC A (At AR S AT RLJ2 Verilog, VHDL
. blif | . aig .. net .. bench S 2R ) SR E, B
AR R F, B R O 4 B Ok, AR R 2R AT L) Ak B
) HL R I R S5, 2800 — R BB I LR A ik
AR AR R A R BT T 8CR e E  ie/) i
Kot U G5 ) B LB 3R s B, 2 g, A
Jlh LUT F1 D fih % 25 ¥4 B8 A L 3% 19 2, 78 JUR Ji v
TANfL T, D REAE S — i LUT F1 D il & 8544 i,
PRI, ST 3 AR ST B b R D T 1 32 ) 190 6 e 5
DR R VI PR 5 200 A ) PR B SR A S R L R S
SE R BT X L B AT SRS U AR T, T Y
H 2 J5 Ui A1 JR) £ 2% ( Placement and Routing, P&R)
TR B AR 0. bf A A A S
XU TU A% v, 6 A Y P AR R
Dual_Function ( Network circuit, Filepath filename) |
circuit_new = NetworkAlloc ( Network ) ;
for (1 =03i<2;i+ +) |
for each object
circuit_new — > object = ObjCopy ( circuit- >
object) ;
do{ ObjCreateNames ( circuit_new- > object) ;
} while( ! Names already exist) | ;

for each object {

4 BBLTCARBIT ik
Fig.4 Design methodology for DMR
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NetworkConnectObj ( circuit_new, object) ; |
}
NetworkInputNames ( circuit_new) ;
NetworkOutputNames ( circuit_new ) ;
[0WriteDual ( circuit_new, filename, FileType) |
NetworkRewriteInputNames ( filename, circuit _
new) ;
for(i =031 < NetworkGetOutputNum ( circuit _
new)/2;i+ +)
| TOWriteFanins ( filename, ObjGetNames ( ob-
ject) )
I0WriteChecker ( AssignNames(i) ) ;
I0WriteCheckerFunction( ) ; |
NetworkRewriteOutputNames ( filename, circuit_
new) ; |
}
Az BURURSE TC 4% K6 T 235 449 () 2 454 Dual_Func-
tion , R K1Y 32 B Ay A S 8O 2410y BT AY HL R
e, A U UL TU 4% v 4 DL DL A% A7 Al 7E 48 08
SCHF A A ST 44 1Y filename SCHEH, object
FL B I 3 R 4% DT R Y SRR, B 3 A S o o
fil kg BT R 2R RAL, R e —
ANH Y HL % R 2R cireuit _new , AR Fi A B HI % 9
e B BT R B BRI A I SR v R0
TR T4, NG GE 4 TR, R AT LU
AR — K5 , circuit_new H1AE A 2 A L S
14 5 % A H B8 T 3 5 4 A ) 1Y) FL 8% IG5 cireuit
new HVETA I A H i B0 H A A R B R 1Y
2 %, Ut o T R N A g E AT A 4, il
circuit_new H1 %) 2 A H i R0 2 H A A [ 19 B A
H, g I 3 52 ) 56 LS 3 T TR H B IR SR o A
G I 45 | AR SRS 0 45 4> %505 A r 6 1 3 v
Uiy A BSORH [7) | 0 A — AN A D 5%, 1 ST 0 ARG Y % 1)
i A iy, SR A g i 44, R B0 BRI 2 5 T
BB M AKZIN 28 )5 , XF circuit_new {9 % H v 34T
U, i D AR R R S
M LA BRI AT LLE R TR
BNy, U EEBETT T B R I BV AT, SOURR T A A 0 245 4
TEZ LRGBS A A, i ELBE T i i AR X A Y
T RE AL B A AT 2K, DB A SR T 5l

3 HERMESH

3.1 HEERBRHERNE
TEH T B H s A1 B v, ) — i 20 % A2
2 AN B AN R B E R LIS TR A S 2 A

Xof AL AT F ST o RS0 H S IR A TN 12 T 1Y
WFFE (] A2 Y BRI A i B A
FERES S e v i b el T T A A8 IR T AR Y [ E
e/ H PR 0 R S5 B T A 22 M) 3 2k Y B
e 2 U I IR 2 — 08 S R 6 B, DR R , AR S
IF 5 50 [0 A I BT S AR 7T Ay BRI
0 il B ( stuck at 0, s-a-0) F1 A 52 B 1 B p
(stuck at 1, s-a-1),

2 H, b it T AR I AR XS T
P 00 B — 2H A P I Y AR TE R BE RS I
ARSI R, TR H B X T O T 7R R T A AL
R o A SCE SCHL % 118 50 8 4Gy TN 32 Sy

CFN
FDR:WX 100% 4)
A CFN SRy n] A5 250K I 110 55 o 250 i s FN O 4230
B e B A i

4 0 o 1 O T R 0
A AE— UL A BT R D AR A
o R AR T B 0. AR S X
Lo 0 T R

STFN

S STEN Sy Al [ A 9 i B B i
3.2 ETHERBREMNMERIERBEGNESFTE

B G A4 R A I % 20 A7 O ik T R i e
A BR e P A A B A O 2R ok A T R B ) i
RN B, S T T 5 A B A R A 0 R o X M g vk
A LAAS B HE TR0 TS A RO (H R A A 5K
B p S S AU S TR, DA, AR SR —
ol 37 F) 5 T L % A5 P 6 A A A 00 R 3 A D7
o WA DN AR AT M B B AR R A S TR .

UNTELS Pz , V57 00 F 0% 14 i A 0 A
SR T e AR R M E R B, AR S N 1 S8 R
FEL % T BT AT T MR O A B T R R TR A
IR B e T 5 R HL B R AT Y L B AT
SRR IR T SR R A, YT
U SE IR R T A A5 1 6 E I, B AT A B 1
N0 E, S P e A N R

TECBE TR AL I ) XURE TUAR HEL B AN T 6 BTz o |
BT 43 S I REHL % FC RS D AG I 1 % EDC, H:
HR A I P R OUAE T A% v B AR AGE 00 88 ) o
DR TR L B ) I RS S AR R AT 0 A, S X L %
HEAT R, B AN T T OB R A M M IR
% ECC,

a7 B, U RE L FCORTRE DR AR I H B
EDC #4115 00 L % 4 52 il O FC/A EDC', e
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Fig.5 Calculation process of fault detection rate

16 Rl XU T A A
Fig.6 DMR circuit to be detected

7 S0 B IE F B
Fig.7 Equivalence checking circuit

FC #1 FC'#4 5 Miter B3 %, 75 EDC 1 EDC' ) B fil
o b A T R B I £ AC, B fin G
A 2 B R A A I R B EDC A B R AT A
fIE 32 I, I % B % K I R 6 EDC R R A4S 2E A7 4
W, A< SCH B R I 2% AC g B S5 R 1l 8
K9 iR o

WE 8 Jran, Bt A I 2% AC () 5 A K iR
R e i EDC i A5 R A5 5, B A X 1R

P8 B o 4G A
Fig.8 Additional checker

PO T U TT A A I Y BRS o A6 00 e B

Fig.9  Additional checker circuit based on DMR detection
K L B EDC Ha tH R 4T RRAE S MU R AE 15 5 FO
AR BRAG I 5 1) 5 KL AR 5 EO, 2R DR AG I H %
EDC it 3 7 460 0 21 i i ihF, KO iy ik o 1, 45 )
O 05 24 BF A I A% AC ) U DR A U FE % EDC
KA E  EO i o 1, I 0,

nlE 9 B, Bt Az i g AC i NS5 TTA
2N B ABIETTALA . 1L 202 75 XA I 4
Sr AT LR AR I AR B Y, LY Y, PR AT
3 AZEMA Ry —4, It VA e
—HNIY, LY Y Y Y Y A
AJg10, 1, OF i, Al RLIA S s i 5 JC ik i, 75 0]
G 0 25 H 3

TE 4 ARG I 3 20 A 1) i A P, R D) RE PR FC
FIES DA I i, % EDC 22 A1 114 42 3 H 5 # J2 1E 3
(9, FUBE X D REFL B FC RIS SR A I L ¢ EDC it
A B8 E RSB TEA . m T Al RS
56 TIE L B R T A T IR 4 S P S I v S
PR b — A AR 0 B . T A [ E 1Y
AR, 73 2 R DL AT 5 R

1) il Bk AR TR D RE vl B FC I, SR 7R 5
BAEOLT , S BCFC fy il 5 1E % 5 FCOAR[H, it
I Miter HL g4 o 1, 2R AC /9 FO Fr il 5 AC
(4 FO % i AN Ta], IR 4 158 WY URE T A% A ) 4% A6
DN R fL O 00 AT, 2 D fiE H B FC
A A T T SRR I AR X T — A A
FC A Ty 6 it B33 b I (B, 03 S o i o
AE BRI ok, 8 2 rit f 1) it A O, BRI TE Al
I ) P B L S A P 6 A PR S S A, B o I R B
AT LRSI A B S PR R U AR A
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St 5 S A P 6 I L B S A A, D AR R AN
A RCHG I AH IR

2) YRR K AR A B DR A I A % EDC I it
i) Miter A % () i Hh4E 4 O, REZHBE L % FC A A7
TECRRE . 25 BRI0AS: I 4% ACAG I 31 3 A Y
EDC 5I1EH EDC 4 AN [F] i, FRAE 45 5 FO fai
1, S I BRIz 00 2% AC G 2R RE A i B 1 A T i B
EDC % BB, 0 [ K £ 5 EO i th o 1, 5 W g
o0, FRARREOLT , 4 2 B R AR I AL EDC &
AR R RIS O T G PR B AC N T RE R T
B, JHE IR 3 ABCRE 19 25 f 56 I L B E R 0
B2 S2PR b, iR T 32 S5 A DU L e EDC ) o
F1 A BR A 5 1 4G 0 FL 4 EDC P 358 06 1 B ml
B 2%l CBEE o B DR AG I L % EDC ) ok
FIWTHE A B R AT AR SRR . A e AR SCHh il g
B R AG N H % EDC ) i i {5 RE G XU TT Ay &5
Py R R 7 A A R o DRI A A X R L
BRIV I Gz I 45 AC A ) EDC 5 EDC i i AN TH]
(ELRR T AG: 0 6% AC AN RE Bl 7 B 13 46 0 A % EDC
AR, I EO it o 0, A SO, 2 EDC
P9 SURSE T 7% P B 2 A2 3 B R, 28 A P 36 3 P e S
fEAET 0 YLWIZ s B rT A . 24 EDC Ap i) A6
o ACFRE ARE S A 1 56 I P B S T O B %
N B2 IR G O A IE R AR (AR SO Ao IE ) S0k
HUETRINS R s

PRI , % T e A A S5 A P 6 I R i ECC P )
AEHL I FC iR DR AG I L i EDC A g 25 B[] 2 7Y
B R 368 o K I A I R ) SR PR R IE T L
A5 ) R ST T 2 IR ) A 0 R ) B R A
AETT . 4 Dy Dy RE L FCORIGE TR AG I it ¢ EDC
O T 4T A5 A8 A s-a-0 TSR A s-a-1 Y
BRI HEAT S5 M P G ) R LS4 B A
F g e A ) A< AT ARG

4 HEXR

15 B 7R 8 4 25 B T 2 ABC B A Joy A 28
T H VPR FREErhifi 47, 43 5 35 WUbR o F i 4 v
FH I 8 AN AN TR) FUAR 1) 41 & vl 1% R0 B I el 66 47 45
o, 5 B AR T4 04T 50 R BR 4 R i H - 40
W3 S5 0, 5 B R R H T 40 TP i 2 RE A
He WAL & —> LUT F1 D fiih % 25 500, AR 99 R i R
2 B B 51 (1 7 0, %F FPGA 25 4 4 34 SC {4 o 8
B TH CLB A1 1/0 3 145 45 5 E 17 16 0l , {51
BA VLR IR AN 1/0 i 11 A5 A5 e v A T AR | ZE BN 4
FE . BAROTET 2% k[ 21]

4.1 EHEFIEHFERERESH

AR SC T B4 M AU TC 4 v % 5 L A B A L
7 TR K H B S I 45 7 T B A2 A 00, A ot
£ X5t T FH 3 K # ((Area Increase Rate, AIR) Fll %k
i 18 K 2 ( Delay Increase Rate, DIR)2 4~48 #5 i
AE OLIEAT 3 M7 o 23 DR A R IR 1 8 AN 2H 5
FL AT 8 A IR F g e S 3 R i A T 40 B )
o, R e HEAT AT R A £, A 258 UR Y HB B RLAR
TET AR R 3R AE I 1Y R DL AR 2 s

TSN SR B A RIS F T A0 R 2
IR /INGE SR 2 H B Y RRASE . Tk 2 vy o8 1
TR L T A0 B B b S B o8, B Dl E T AT
7 B AIRG LA, PRL E  e8 1Y HL I LR
7 x 7[R, AR A8 A o v S8 VR I P 200 L ) oh
B SRR 0, o s M H 400 23 B 8 A [m] ) R
PR B ) RIS ] 75 AR o L B P AR ) A R A T o

PN BRI 485 RY B A3 BT, AU TU A S5 Al 32 2
2 A AR TR A R B B ARG A A A, P e 22 5
XUBETCA S5, v 1 T BRI 38 ATR B S I 3% K

R DIR K
AIR = 24+C_ 5, C (6)
A
DCD
DIR = —2 7
R cD (7)

S A Dy JURR B A T BR 5 € A ARG I % 1 T AR
B, ATR 9 BRAE 5 B % 4 2 + C/A. CD g Ji A
[ SERT , DCD 2y WU TU A H B SE R o phy 1. 2. 2745 7]
F2 BEAE EBREKEMEMEKE
Table 2 Circuit scale, area increase rate and

delay increase rate

LR L& A

. B
c8 7x7 18 28 2.4238 1.3741
dk14 7x7 3 5 4 2.2011 1.0192
c499 9 %9 32 41 2.5843 1.3472
s344 9 %9 15 11 10 2.1135 1.0759
terml 10 x 10 10 34 2.1484 1.2024
s641 10 x 10 19 23 36 2.3641 1.3683
apex7 11 x11 49 37 2.2390 1.3184
s820 11 x11 5 19 19 2.3430 1.1901
432 12 x12 7 36 2.0418 1.1118
exl 12 x12 5 19 10 2.1881 1.9910
c880 14 x 14 26 60 2.2588 1.4706
sl 14 x 14 5 6 9 2.0131 0.9732
rot 18 x 18 135 107 2.4823 1.3530
s1494 18 x 18 6 19 9 2.1132 1.1982
3540 21 x21 22 50 2.0310 1.3145
sef 21 x21 7 56 28 2.2876 1.2667
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number Dividing the circuit Scale, ODS), W
ODS # w] LA ALk 11 H 2% BURE TC 4% J= 1Y T AR 3
K&,

AIR =2 +%z2+w

= 0ODS (8)

CircuitScale
A1 OutputNum iy H, # %y 1 3 > % ; CircuitScale
hy H AR

UL, 2 (8) Al 3 BURE TC A Y T AR
Je A H BRI

{2, 75 S B e S A a5 o, 3% 10 T RS
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HEHEGRIR LA N 170 3 1 BE U5, O 1A B TE R A0 Y
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HE 2 B B T T AR AR 2 T AR KR,
10718

P10, H B Y S T AR 455 22 i % U T AR AN
B BTIR T AR . Horh, 22 B T U 1A AR AL 45 T RE AR
B A H, 1 40 B AR A L0 3 AR, R R VR I
BURBES IR e G M AR . S 1 3 I 2 HOW,
B 16 A~ hr vfiz FiL g4 MR HH RAC L ODS g /B R
WUHE S, A B AL bR o D0 A bR O TiD ARG K 3
ATR. [ 10 H iy 2198 (Rl £ B e g 4 B by AL
B ODS, W LU i, 32 85 5 o0 ARG K 3R il 4
5B M 2 BRI B A B A R B 2
X EEEH 2 A R OFETHE 2 T
T FRIE R, AU & 2 Tt & 170 3
o, I TE ODS /NI, 170 550 X T 55 (1 52 il
BN, P& LT EH A, (52 0DS 1 R, 7 h
2 1Y 22 BE O R 5 @ ODSTE T 55 i R A H %
FUBRAGTHE, AAE R 22, L 10 th iy o8 H
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Fig. 10  Area increase rate of DMR circuits

B BR B HRE Ol 7 x 7, T 92 B b, e i e A
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Fig. 11  Delay increase rate of DMR circuits
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Table 3 Fault detection rate of some benchmark circuits

Ty e rh 6 0 P e

% LUT FDR  filt & #% FDR LUT ST fih % %% ST

s-a-0  s-a-1  s-a-0 s-a-l1  s-a-0  s-a-l  s-a-0  s-a-l

c8 100 100 100 100
c432 100 100 100 100
499 100 100 100 100
terml 100 100 100 99.0
apex7 100 100 97.8 100
880 100 100 100 100

rot 100 100 99.3 99.3
¢3540 100 100 100 100

dk14 100 100 100 100 100 100 100 100
s344 100 100 100 100 98.7 98.7 100 100
s641 100 100 100 100  87.5 96.4 78.9 100
820 100 100 100 100 100 100 100 100
exl 100 100 100 100 100 100 100 100
sl 100 100 100 100 81.6 99.5 100 100
s1494 100 100 100 100 100 100 100 100
scf 100 100 100 100 99.2 100 100 100
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Online fault detection based on dual modular
redundancy for embryonics array

LI Danyang, CAI Jinyan, MENG Yafeng" , ZHU Sai

( Department of Electronic and Optical Engineering, Ordnance Engineering College, Shijiazhuang 050003, China)

Abstract: In order to solve the problems for embryonics array that online fault detection is difficult to be
designed, detection rate is low, and detection rate is difficult to be accurately calculated, an online fault de-
tection method based on dual modular redundancy and a fault detection rate analysis method based on equiva-
lence checking are proposed. A novel checker which is suitable for look up table style function module of em-
bryonics cell is designed, and the automated design program is developed. For single stuck at fault, the circuit
is first converted to an equivalence checking circuit, and then through fault injection and equivalence chec-
king, fault detection rate can be accurately calculated. In simulations, 16 different sizes of benchmark circuits
are chosen, and mapped into embryonics array. Area, delay and fault detection rate of the dual modular re-
dundancy circuit are analyzed. Simulation results are presented with detailed area consumption data, circuit
delay data and fault detection rate data, and verify that the proposed method has a high fault detection rate.

Keywords: embryonics array; online fault detection; dual modular redundancy; automated design;

equivalence checking
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Refined tracking algorithm for steady partly resolvable
group targets based on ICP
WANG Cong”, WANG Haipeng, HE You, GUO Chen

(Institute of Information Fusion, Naval Aeronautical and Astronautical University, Yantai 264001, China)

Abstract: To deal with the problem of the refined tracking of steady groups in partly resolvable condition,
a refined tracking algorithm based on iterative closest point (ICP) is proposed in this paper. First, the ICP al-
gorithm is used in tracking association, and by using closest point cyclic iteration, the measurements at time
k +1 can be matched with the position estimation at time k. In order to deal with the problem of leakage tracks
brought by partly resolvable group and to increase the fault tolerant performance in tracking association, double
threshold principle is used in decision making. Then, to further ensure the reliability of tracking, probabilistic
nearest neighbor method has been used to fill the leakage tracks. Finally, to ensure the precision of tracking,
multi-model algorithm is used to realize filter update of group member tracking. The simulation results show
that, compared with group target tracking algorithm based on template matching and classical multiple hypoth-
esis tracking algorithm, the algorithm has better performance in tacking reliability and precision, and can be
more accurate when slow change of group topology happens.

Keywords : partly resolvable; steady group targets; iterative closest point (ICP); double threshold;
group topology
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Fig. 1 Results of simulation for braking under switch runway with no fault of actuator
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Fault-tolerant control of UAV anti-skid braking system with input and
output constraints
SUN Hui, YAN Jianguo® , QU Yaohong

(College of Automation, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: In this paper, a method of adaptive neural network backstepping fault-tolerant control, based
on barrier Lyapunov function, is proposed for anti-skid braking system in the presence of slip-ratio constraint,
control input saturation and partial loss of actuator effectiveness. The neural network can more accurately ap-
proximate the unknown nonlinearity in order to compensate the effect of actuator fault, and the great robustness
to actuator fault is guaranteed. In this approach, the output of neural network is used to design the backstep-
ping controller to achieve fault-tolerant control and uncertainty compensation, and a robust term is employed to
optimize the transient performance of braking system. Firstly, the closed-loop fault-tolerant control system
could be stable without the reconfiguration value of actuator fault in real time. Then, the stability of the system
is analyzed based on the Lyapunov method. Finally, the numerical simulation results show that the proposed
fault-tolerant control scheme can effectively guarantee the stability and effectiveness of the control system when
the actuator happens faulty.

Keywords: anti-skid braking; Lyapunov; fault-tolerant control; actuator fault; input and output con-

straints
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Fig. 1  Structure of photovoltaic array
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Photovoltaic multi-peak output characteristics and GMPPT control
under complex shaded condition
CHEN Mingxuan, WU Jianwen" , MA Suliang, HUANG Lian

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

Abstract: Aimed at solving the failure problem of the maximum power point tracking (MPPT) algorithm
caused by partially shaded condition in the photovoltaic power generation system, a global maximum power
point tracking ( GMPPT) algorithm based on &-potential well is proposed. Based on the photovoltaic multi-
peak output characteristics when the illumination intensity is changing, the reason of searching blind spot in
conventional MPPT algorithm is analyzed in terms of maximum power point transition, and the necessity of
GMPPT optimization is explained. A quantum-behaved particle swarm optimization (QPSO) algorithm is pro-
posed to improve the particle diversity and increase the search speed and convergence accuracy. The algorithm
was verified by MATLAB/SIMSCAPE and compared with the standard particle swarm optimization ( PSO)
algorithm. The results show that the proposed algorithm can track the global maximum power point effectively
with fast searching speed, reducing the dependency on parameters and avoiding premature convergence of the
algorithm.

Keywords : photovoltaic power generation; photovoltaic array; partially shaded; global maximum power

point tracking ( GMPPT) ; quantum-behaved particle swarm optimization ( QPSO) algorithm
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Fig. 1  Finite element model of forming processes
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Fig.2 Finite element simulation results
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Fig.3 Forming test devices and formed plate
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Fig.4 Comparison of force-displacement curves between
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Table 1 Test scheme and results

iU 5 F/N  P/W @d/mm  V/(mm-s~ ') H/mm

1 830 1200 5.5 30 2.61
2 830 1500 4.5 25 3.49
3 874 1200 6.5 15 3.85
4 874 1500 5.0 10 6.02
5 918 1100 4.0 35 4.17
6 918 1400 6.0 25 2.94
7 962 1100 4.5 20 4.82
8 962 1400 6.5 10 6.82
9 1006 1000 5.5 35 4.67
10 1006 1300 4.0 30 5.53
11 1050 1000 6.0 20 5.85
12 1050 1300 5.0 15 7.48
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Table 2 ¢ values of regression coefficients
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Fig.5 Influence of preload on deformation amount
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Fig. 6 Influence of laser power on deformation amount
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Influence of laser spot diameter on deformation amount
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Influence of scanning speed on deformation amount
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Analysis on process parameters of laser bending of preloaded metal plate

XU Lang, LI Weidong® , WANG Xiufeng, WAN Min

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

Abstract: Laser bending of preloaded metal plate is a relatively new bending method and its process pa-
rameters are researched in this paper. A finite element model of the forming process was established based on
software ABAQUS, and its reliability was verified by test. Then, finite element simulations using different
process parameter values were done by uniform design. On the basis of the simulation results, a regression
model of relationship between the process parameters and deformation amount was developed. Further, influ-
ences of the process parameters on the deformation amount and the internal reasons of these influences were
analyzed. It is shown that among the parameters the scanning speed has the greatest influence on the deforma-
tion amount while the laser power has the minimal influence. The negative interaction of the laser spot diame-
ter and scanning speed affects the deformation amount significantly. The deformation amount increases almost
exponentially with the increase of preload amount, increases linearly with the increase of laser power, and de-
creases almost linearly with the increase of laser spot diameter. Moreover, it decreases at first and increases
later with the increase of scanning speed.

Keywords; preload; laser bending; process parameters; finite element method ; uniform design; regres-

sion analysis
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11 flag,«—i;flag;«—i

12 else

13 if flag, =0 then flag,«flag;
14 else flag;«—flag,

15 end if
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9 endif
Hrfr:merge (timetrace; , timetrace,’ ) $f 2 4> H.
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RN ¢, content H i AR 0 TR (A] |
endtime<«—content F1 5 M [ ) 11 B 35 B+t ]

4 for each word,,1 <i<M do
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BYE RV DL S R AR A AR AR
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Fig.2 Content extraction convergence
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Internet information processing for earthquake emergency response
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Abstract; In recent years, the domestic and international earthquake disaster has caused huge losses to
human life and property. Massive earthquake disaster information on the Internet can provide the basis for de-
cision support for emergency response and timely rescue, so there is an urgent need for efficient and rapid pro-
cessing of the disaster information. To study the information processing of the earthquake disaster in the Inter-
net, the seismic event model, webpage object model, etc. were defined, and the convergence of Web infor-
mation was defined with the limit method. The characteristics of the Internet disaster information dissemination
were described. According to the characteristics of the timeliness of disaster information, the Web information
extraction algorithm was proposed, which supports dynamic convergence. The method of time series statistics
for the change of the disaster information with time was presented, and the information statistic report was
formed, which provides the basis for rescue decision making. The intelligent information processing system for
earthquake emergency response was designed and implemented. The models and methods were verified in a
practical engineering project.
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Compensation method of in-track coupling effect of cross-track
maneuver for formation-flying satellites
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Abstract; Tetrahedron formation has an important application in the space physical three-dimensional

collaborative detection. Formation keeping control must be carried out to guarantee the detecting efficiency.

However,the in-track coupling effect of cross-track maneuver can cause the drift along the in-track direction,

thus making the deterioration of geometric characteristic, and having a bad effect on the detecting efficiency.

An analytical compensation method for formation-flying satellites was designed to eliminate the in-track drift

caused by coupling effect of cross-track maneuver, and achieve the accurate formation initialization reconfigu-

ration and formation keeping control under J2 perturbation. The numerical simulation results show that the

method is simple and efficient to eliminate the in-track drift caused by cross-track maneuver under J2 perturba-

tion, and can achieve more accurate formation control.

Keywords: formation-flying; Gauss variation

analytical compensation

equation; cross-track maneuver; in-track drift;
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(4)

S(- :I:a.)],a.)z,"',a),',o,o,o] (5)
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9

i S, WAL RN IR p = Zpsp= chsp
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SARMBEEE, C M p., 42 B0 46 2043
OB B n, WS BB oy Ty
BEirsie=h -p/p + (u2 +1}2)/2 KBRS

=
&

=0

e
=

n n

KB, h= Y Coh, Fip=Y p R, T

sp=1 =1

Iy RIRIRA SRR KRR ST, b, 25 SR 5 1
SRR R, N R E BT IR s 0, A2 RN
AR,

A SCEAE R, 3 3R T 3 A Ak 2
NI Model 1 Fl1 2 Sy #OF- i Ak 27 | 1 i A5
W ESHRIREMEXC 2 A, 5
fisf 1] 6 % , b2 S 07 485 5 26 £ Dunn Al Kang'™ f
1o R 25 A 2 R N B A, o Model 12 5 41 4y
17 350 (1 ~ 17 ) W A B, Model 2 R 11 21 43
31 HIT (1 ~31) W AR, 41 3% 2 ff 7R . Model 3
Ry Bk A R T R A, B Ty 2 2 B I ) AR Ak
Iy F AR ] Park () BUR FERLHL (T, T,) , i 8h

%2 Dumn & Kang BRESAFEHER

Table 2 Dunn & Kang chemical reaction model for

=2
o> & Moo B

i
=0
X

air at high temperature'™’

1 0, +N=20+N 18 O+N=NO" +e”

2 0, +NO =20 +NO 19 O+e” =0" +2e”

3 N, +0=2N+0 20 N+e =N* +2e”

4 N, +NO =2N + NO 21 0+0=0, +e”

5 N,+0,=2N+0, 2 0+0;7 =0,+0"

6 NO+0,=N+0+0, 23 N, +N*" =N+N;

7 NO+N,=N+0+N, 24 N+N=N +e”

8 O0+NO=N+0, 25 0+NO*=NO+0"

9 0O+N, =N+NO 26 N, +0" =0+N,

10 N+N,=2N+N 27 N+NO*=NO+N*

11 0,+0=20+0 28 0, +NO* =NO+0;

12 0,+0,=20+0, 29 O0O+NO* =0,+N"

13 0, +N,=20+N, 30 0,+N,=NO+NO" +e”
14 N, +N, =2N+N, 31 NO+N,=NO* +N, +e"
15 NO+0O=N+20

16 NO+N=0+2N

17 NO+NO=N+0+NO

o P R B AL 2 R S AR T Sh IR BE T R 3R
FBE T, KAk, fb 2% K A % % Dunn Al Kang'™
(¥ 5 L4 17 Heor S o A6 280, 6 3L S5 1 3 80 R
TEIE 5 B4 5T 5 AE ks 2 (DCD) P kT
SO 5 i B0 AT AT P % AT S AR 8 7R SC k[ 9,21 ]
A AN L A L 3% 7 vk R N T K G
I B0 B

3 HLSE R R AR X b S

3.1 Model 1 #12 (XS MEH)

K Model 1.2 2 Bl 2 B 07 BB, 6k
b F A58 U ST B RS ASE 78 4 A AR 4D X
FUAIF 5, o J 2 1 AT XUARLASE R e 1 3 3 I s ik
S fit CFD s S HF, XUBLB A R HR T 2 21 4b
B 35 2 15°, J5 BL A 430 S 35° i 55°, 4L
FA /IS B 5 A AT LS e R0 A R B R 22
Ak 1 SR FRAE S

K12y 15° ~35° WL i 5 1k T 43 A, p., ok
ST . L B Model 1 F1 2 25 AT LLE
A B IR S A R AR ) R AR B RO
JE 7753 A R FE — 30, 90 28 AW e SO A0 T
Model 1 F1 2 Xf 15° ~ 35° RUHL LAY T 53 25 5 1) 52
e 45 70N o

PEWUE S % B AR 3 A R E R S 0N
BERYBE AT 15 00, Qi 3 i, ol DL E Wb A
3 A SETRE T 0 A i 28 2 E A IR
SWEAT , Model 1 12 15445 5 4 52 i vl LA
ZW o JEE TR U A3 R AR B I IR R I A A
9000 K 7= A7, MARE T i FBE i 26 0] LA L 2R 2
T ARFCI I S iR FE I ] 0/ 42 30T 8 400 K, I I 2%

P2 15° ~35° R IE g 43 Aii
Fig.2 Pressure distribution of 15° ~35° double-wedge
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SR B RS , Model 2 BARE IR T 11 40y
31 A HE oo S B, H L B R i R I kL, 5
Model 1 XF L5 A B e 22 51 .

P L T e B EE IR 43 B0 A KL
4 7, JF 842 T 3 v oRL 1 08 B OR 43 B U4 L9
AR 3. B4 Kk 3 B R R, i bl Bk
JEE R o3 i R o/ B IR T 2R 2 AT
£ 5| B € e W T Sl N 1/ R N P VA3
55, 7 OB LA AR /1N, Model 1 1 2 X %5 {1 452 40
SRR A] DL Z W

K AR TR 6 53 B 05 3 i AR B15° ~ 55°%L

p —BERE I p, —BET S ; p, —RWMEE;
T, —REMIE; T, —kRREE,
K3 15° ~35° XU i 8 2 Bt BE T 23 A
Fig.3 Flow parameter distribution along

wall of 15° ~35° double-wedge

& 4 15° ~35°RUBL e, T BE SR 43 B 40 A

Fig.4 Electronic mole fraction distribution of

15° ~35° double-wedge

PR 1 1 0 A A&l S Bz, Model 1 A1 2 Y
TS RAIIR I . 565 2 A 35°H R = 55°,
PO ST AR B B WL e A T A8 A 56 2 R A A
35N, P P A 45 A Ak R U BB B A A
WEORZ 55°, BETH 1 I 5% fd K, R 4 2 2 18 %)
P G S 20 W R BE TR 2R F TR e il — B
U8 DX S i) P A7 T BE I B S A B
T B 55 (A1 UBT , BV ES AT, IS Bk 22 S S S 5

W 3 AU 2 RO BE T2 A O
WP 6 7 , 34> 2 J0 BE ThT 73 A1 il 2 A7) £ 445 58 42

R315° ~35 WK FER S HUEE
Table 3 Max mole fraction of species for

15° ~ 35° double-wedge

LA JEE IR 3 B A
N 0.34
0 0.33
NO 0.04
N* 6.31 x10°°
o+ 5.08 x10~*
NO* 4.74x10°*
e” 1.06 x10~?

5 15° ~55° UL K ) 43 A
Fig.5 Pressure distribution of 15° ~55° double-wedge
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6 15° ~55° WU L 5 2 B BE 11 23 A1 1 L
Fig.6  Flow parameter distribution along wall of

15° ~55° double-wedge
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HLF e JBE R 43 B0 o0 A KOREF BE 7R 43 B A
WME 7 ME 4 Pin. WET K3k 4 dE—25 504 a]
LIS F 22 115 A9 40 W5, 5 F R T B R o B0 AT TH
/N HL S RN AT R R AT RS . iR
SMAMET , Model 1 12 Xf 15° ~55° XU 37 1Y
TR — 3

WA R 2 4 RARSME 1 TR AE R, T LA
FILLUF S8 g AR T, 2 ik 24 JOn
R34 R — 0,5 440 11 JET0 N il 4
b2 R B Model 1 BIVAT § 2 35 2R, i A
WhR FH A 43 5 2 50 5 24 () Model 2, 1] DL fij fk #4 4k
2 N AR D) T B AROR o

B 7 15° ~ 55°0UBLHL T R R O3 ¥ 40 A
Fig.7 Electronic mole fraction distribution of

15° ~55° double-wedge
R4 15° ~55°XAMF ER S BEE

Table 4 Max mole fraction of species for

15° ~55° double-wedge

EOA JEE IR 4y B
N 0.69
0 0.31
NO 0.03
N* 1.73 x10 72
o 6.37 x10 72
NO* 6.29 x10 73
e” 7.66 x 10 72

3.2 Mode |l f12(INESFREHE)

H T it — L WESE Model 1 1 2 Xof 4 f A5 40 45
SRR 52, BB 8 T EU A o 114 SR L 15 0, B Jn
BT A, s S B v L A S
15° ~35°%UBLANE o 545 3 J7 43 A an &l 8 i
AR, AT LI A, Model 1 F1 2 (45 3 45 46 A [
BRI AERHB S, 2 R0 I EN
XFECAn L 8 (o) i, 55 1 38 R A KR
WL, 2 HAMEMMEXSE AR, A
Model 1 i 1 B A XT38 K o

3RS BOR REH AT I 9 TR, 5 2
BN G R SO 22 R R A
Sy AR MZOR A Model 2 % J5 %5 & A 48, i
SR A, T L D R A R R X N IR
T ZHTH T o MR 23 A 4k, Model 2 %
Je T BE AR X A H B 2B 3 T 10 000 K, B s H
BV ASE T A R g, Ho R i R A W S
AE &, RO 5 IR A L Model 1 A T KA ¥
14 11 7%

HLF e " JBE IR o3 B0 o0 A B 45 4 4y W Gn & 10
Fe3e 5 Fiam , N i] DU 5 HORL - 119 B8 K 43 5K
O A AT, AN T 200 o 3 i B A R F
R T 2efeom, T DL 5 ) 21 S R3S S
g5k

ik DA B B g T DAAS B DL S5 98, 7R
AT, Model 1 12 X 3143 45 5L 5 i ) 22 53 4
O 244 B B AKEL, Model 1 R IRT 5 45311k 2
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Pl 8 15° ~35° LA IR Iy o3 A (i i 2 1)
Fig.8 Pressure distribution of 15° ~35° double-wedge

(acceleration gas condition)

KR 200 T HLES I I 0 A P R T
FH O G 11 L5 H HL B U0 0 Model 2, [A
S TR T 3 26 P 8 AR 7
£ L2 I B
3.3 Model 1.2 Fn 3(RERTEH)

3.1 R 3.2 W ER A B BT RO, A
5 ST P P 5 08 Model 3 3 £ 50 (RS 5134 1
R I 0o IR 46 4 T 15° ~ 35° [ LA 41
T A5 R4 5 Model 1.2 367 X4 He 407, F
T4 AT 11 R T AT BL D Model 3
5512 1 5 G A WA R 1 S 15
g2 2 AN A LT

34 B SO BT 4 A A 12 R
eI S e
FRH % BB 5 55 Model 1.2 B3k B, % T
Model 3, W03 5 A 4 B 4 JH 19 6 081, 0 0
- 30 3 R 39 2B 1 T ELP S 1 - T
R TR SR L A T AR TR s B
Hh TR 110 75 A0 6 75 - 19 T 3
Bt 6 5 Bl 05 25 8 S 20 4R o B O 30 L

B9 15° ~35° WAL 8 2 K e 1 43 A
s = 2% 1)
Fig. 9 Flow parameter distribution along wall of 15° ~35°

double-wedge (acceleration gas condition)

P10 15° ~35° XU HL 8% R 43 B0 50 A
Chmsge =<0 414
Fig. 10 Electronic mole fraction distribution of 15° ~35°

double-wedge (acceleration gas condition)

RS O15° ~35°WMARKL FEER S HIEE
(MESTREG)
Table 5 Max mole fraction of species for 15° ~ 35°

double-wedge ( acceleration gas condition)

FA JEE IR 43 BOE A8
N 0.77
0 0.21
NO 6.88 x10°°
N* 0.11
0 0.05
NO* 3.55 x10°*
e~ 0.13
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B 11 15° ~35° XU JE J 4541 (Model 1.2.3)

Fig. 12

Fig. 11 Pressure distribution of 15° ~35°
double-wedge (Model 1.2.3)

Bl 12 15° ~35° UL I 3l 2 H BE i 3 A
(Model 1.2.3)
Flow parameter distribution along wall of 15° ~35°

double-wedge (Model 1.2.3)
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Comparative study of thermal-chemical reaction models on
simulation of hypervelocity flow

ZHOU Kai', LI Xudong’, HU Zongmin'"* , JIANG Zonglin'

(1. State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China;

2. Beijing Institute of Aerospace Long March Vehicle, Beijing 100076, China)

Abstract: Hypervelocity flow is the high-speed high-temperature flow environment that space vehicles or
capsules face when they reenter the atmospheric layer. An expansion tube is one of the few qualified test facili-
ties on the ground to simulate it. Numerical simulation is presented as a powerful assistant tool for hyperveloci-
ty flow diagnosis and analysis. Thermal-chemical reaction model plays an important role in simulation of hyper-
velocity flow. Thermal-chemical reaction models of 5 and 11 species based on thermal equilibrium condition,
and 5 species based on thermal nonequilibrium condition are applied on the numerical technique. A compara-
tive study of the influence on the computation for double-wedge test model employed with the above three mod-
els has been conducted to evaluate their applicability. The results indicate that 5 species chemical model can
meet the test gas simulation requirement, but 11 species chemical model must be taken into account for the ac-
celeration gas. However, if the thermal nonequilibrium phenomenon is strong in the flow, we must employ the
thermal-chemical nonequilibrium model to guarantee the reliability of the numerical simulation.

Keywords: hypervelocity; expansion tube; numerical simulation; thermal-chemical reaction models;

applicability
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Table 1 Test results of searching depth for 30P30N airfoil
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Table 2 Test results of searching depth for WFS model
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Table 3 Hole-cutting time consumption of

three-element 30P30N airfoil
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38.7969

x4 ENE-HRSEERNZEEN
Table 4 Hole-cutting time consumption of WFS model
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Fig. 10 Hole-cutting results of 30P30N airfoil
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Fig. 11 Hole-cutting results of WFS model
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Fig. 13 Numerical computation results of hemisphere
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Improved ADT searching method in overlapping grid assembly
LI Peng, GAO Zhenxun " , JIANG Chongwen, LEE Chunhian

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

Abstract: An improved searching method of alternating digital tree (ADT) is proposed for making up the
deficiency of the existing ADT method and improving the efficiency of the overlapping grid assembly. The new
method stores and retrieves donor cells based on a hash data structure, in which an auxiliary Cartesian mesh is
first applied to map the storage address similar to the table of contents in hash table, and then a node-oriented
ADT is used for further retrieval in accordance with the aforementioned storage space. Based on ADT search,
the introduction of the Cartesian mesh can further narrow the search scope of donor cell, which makes the
present one have better efficiency. Tests of searching depth and time consumption based on several discrete
grid nodes indicate that the present method can enhance the average hole-cutting efficiency by more than 25%
compared with the existing ADT method. Moreover, the hole-cutting results and numerical computations of
typical configurations confirm the reliability of the improved ADT searching method in overlapping grid assem-
bly.
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Momentum equalization control of space robot with control
moment gyroscopes for joint actuation

FENG Xiao, JIA Yinghong" , XU Shijie

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

Abstract; An angular momentum equalization control method was proposed for redundant space robot
with scissored-pair control moment gyroscopes ( CMGs) for joint actuation. This method utilizes the space ro-
bot’ s extra degrees of freedom to equalize momentum usage among arm links, thus achieving CMGs’ simulta-
neous saturation and better trajectory tracking ability. A momentum equalization index was defined following
the idea of equal momentum usage to achieve simultaneous CMGs saturation. A control technique was devel-
oped based on acceleration-level redundancy resolution and inverse dynamics control, with precious operational
space tracking ability and momentum equalization index local minimization functionality. The local minimiza-
tion of momentum equalization index serves as a means to use angular momenta as equally as possible, which
decreases the possibility of non- simultaneous saturation and takes full advantage of the CMGs’ angular momen-
tum capacity. A planar three degree-of-freedom redundant manipulator was used in numerical simulation to
verify the effectiveness of the control technique.
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SEBIFE A AEAR T WA THE . BIAnTE 128 A4 R
BT AT T Rkl 2307 20, RVEAS 1 X H N
A 2.4.8.16 32,64 128 MAEAS EFEER 4 Fh A
oy, BV X N AL 16 A REAS B9 155 B0 19 71 55
GERAE S (=12, n) Al IHE . 7E 512 4
EREARBE LT A9 Bkl 7307 5, 15 S A AD
AT X AL 32 DN REAR IS BT BT 45
RAEH S (i=1,2, -, n) BIAEIH(E ., AT RLFE H BE
HREABCR G, 5 DX 1) PR AR A B S X )
A [ IS 0, 3X AR BE AR IR T N A1 AT
SR, SOPRIE T2 07 IR WSO A R
BEAS KA S, Al THE ST S

3 BHlaHh

3.1 SEFLEEG(EG 1)
FELE M BROR A RN g (X)) = X +2X; -
20, X, Je X, #RARMIME S 10 FRuEZEH 5 1
IERSA TR RME L iR, £ 1 :D-MCS
FRMUZE MCS 36 R 5 W R s [N
B R 100 K E G A AR ME 2 N/A KR
AT SR . R 1 Pl LUF I R AR i/
FAEF 2048 I, B2 AR 8 iy A A5 B 10 % eR K
HEAT AL B, T3 il BB S S R AR A, DT At 5
S-MCS TGk 115 o] 5 42 Ja) 72 850 B8 45 A A M o
T AR SC 7 2% SR FH 9% AN 6 A i A2 ) B X
6] P 35 50 s A B, R RE AR R AR A IR LT
7] DAl S0 e R, DT 2E A A AR D i 1 T

x1 EH1WTEER

Table 1 Calculation results for example 1
SL

FEA G X, X,

ENS RS S-MCS A7 S-MCS

512 0.0329L0-0110] N/A 0043400135 A
1024 0.032810-0%] N/A 0. 043 700-0056] N/A
2048 0.033710-0027] N/A 0. 044 6[0-0043] N/A
4096 0.03470-0014] 0.0290[0-0134] 0.045010-0027] 0.043010-0241]
8192 0.0360L0-0010] 0.03050-0071] 0. 044 5[0-0013] 0.039 6100091
D-MCS(2 x 10* x 10*) 0.0362 0.0447
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AT LA B0 A R Y TS A R R R bR . JF
H R T By a] S 1 4 Jy R 8508 48 05 S =
100 WH Z A 45 R bn i 22 LT DL, A S
TR T B L R T8 A i B 0 W Sl
R T OCHR [ 17 1/ S-MCS . B T X VI BE R
B AR LR AR B ey, BR U B A — R B A Tk
ok F BN A, XA SOk [ 17 ] (Y 2
FEEAR RS ], AT 0 A SO ¥ 7 A 38 v 2 AR
LMk Ia) 1 A 35 PR B R
3.2 R RER(EG2)

X T A R AR A PR
g(X)=3-X, —0.1(X, + asin(wX,))" -

0.1(X, + asin(wX,))’ (29)
Hrp X, (i=1,2,3) ~N(0,1), B 15T « X
ANEME BT R . K1 ATLUE RS o 13
s 2 Bt oL, BHAE o =0 I DI RE pR

BRI R — L, 7 a=1 B RHZE
B, K2 REIABTHE a=0 BfARTH
P SCHR [ 17 ] i E AR TR L S-MCS Ty ik 1
SR, R 2 IS RORFEEAMAEL 1 g
OANRARA XM E R, S NER IS K&
S-MCSHYy i+, M 2 thal LI I 7EFEAS 5 55
IS BT , S-MCS JE vkl 3 28 s A A, A
MEEAR LR RYEEFE. AT
o = O 2 IR o ) B30, HL ) B ok B50R b g — ¥k
215 8 2, R A ot ) — YR B ik T
DA G S 4R B 3 i BN R 2 T3k 3 i3
S n] DU W AR SO AR TSRS B R Sl
AR T E AL X T E AL I
SR TS 5 i AR A A B SR R AR DGR T AR S
JFE TR B S AR BT E
FKARMES BT a=1 WA FHEH

Bl o BOA R 4 2 10 26 sk

Fig. 1

Failure surfaces of example 2 with different values of a

x2 EHf2ha=01S HHEHLER

Table 2 Calculation results of S; when a =0 for example 2

S/
FEA X, X, Xy
ATy IS S-MCS AR Tk IS S-MCS AR Tk 1S S-MCS
512(640) 0.6120 0.6240 N/A 0.0035 0.0018 N/A 0.0034 0.0023 N/A
1024(1280) 0.6012 0.6141 N/A 0.0030 0.0028 N/A 0.0029 0.0020 N/A
2048(2560) 0.6562 0.6161 0.6240 0.0026 0.002 1 0 0.0027 0.0021 -0.0133
4096(5120) 0.6211 0.6120 0.6217 0.0027 0.0019 0 0.0027 0.0028 0.0033
8192(10240) 0.6107 0.6099 0.6079 0.0027 0.0026 0.0013 0.0026 0.0023 0.0005
D-MCS( 3 x 10* x 10* ) 0.61121 0.0027 0.0027
*3 HOI2Ha=0R 100 % S, ITELERHIRHEE (SD)
Table 3 Standard deviation (SD) of calculation results of S; by 100 iterations when « =0 for example 2
SD
FEA X, X, X3
AR5 2 I§] S-MCS A 1S S-MCS  AICHik 1S S-MCS
512(640) 0.0603 0.1185 N/A 0.0011 0.0069 N/A 0.0015 0.0070 N/A
1024 (1280) 0.0432 0.0774 N/A 0.0005 0.0098 N/A 0.0006 0.0050 N/A
2048(2560) 0.0363 0.0521 0.1208 0.0003 0.0051 0 0.0003 0.0037 0.0447
4096(5120) 0.0240 0.0382 0.0391 0.0002 0.0028 0 0.0002 0.007 1 0.0028
8192(10240) 0.0146 0.0231 0.0182 0.0001 0.0052 0.0013 0.0001 0.0037 0.0012




E BB, S TR 4 ey SAHRE 5 A ) S 18] 231 R AT i 1205

x4 Ef2ha=10S HEER

Table 4 Calculation results of S; when a =1 for example 2

S;
AR X X, X
AR5k IS S-MCS AR IS S-MCS AR 1S S-MCS
512(640) 0.5088 0.0545 N/A 0.0118 0.0141 N/A 0.0121 0.0228 N/A
1024(1280) 0.5324 0.3247 0.5357 0.0104 0.0092 0.0100 0.0106 0.0177 0.0100
2048(2560) 0.5442 0.1996 0.5200 0.0100 0.0086 -0.0120 0.0099 0.0112 0.0147
4096(5120) 0.5456 0.2045 0.5067 0.0100 0.0062 0.003 1 0.0099 0.0080 0.0100
8192(10240) 0.5480 0.3008 0.4853 0.0096 0.0062 0.0096 0.009 6 0.0078 0.0111
D-MCS(3 x 10* x 10*) 0.5428 0.009 6 0.0096

x5 HBI2ha=1K100% S, HELERHREE

Table 5 Standard deviation of calculation results of S; by 100 iterations when a =1 for example 2

SD
ﬁﬁii X] X2 XS
NSy IS S-MCS  AXHE IS S-MCS AL IS S-MCS
512(640) 0.0652  0.1448 N/A 0.0042  0.0395 N/A 0.0059  0.1174 N/A
1024 (1280) 0.0498  2.6688  0.2649  0.0022  0.0196  0.0100  0.0027  0.0623 0.0100
2048(2560) 0.0290  1.0002  0.0668  0.0017  0.0202  0.0457  0.0019  0.0306 0.0075
4096(5120) 0.0219  0.5340  0.0222  0.0011  0.0084  0.0027  0.0014  0.0157 0.0020
8192(10240) 0.0080  1.3147  0.0095  0.0007  0.0183  0.0010  0.0008  0.0214 0.0009

FEIE & S-MCS Jr ik iyt a2 . WE 1 h i i
WE Y o =1 BT 2800t a0, b Bt 5
— W R T AR RS R R AR AT RE R
A SRR R ARG, Tk il e 22 B T AL, Xt R R 4
Lo s b HE AR O T RO 22 I IR S
IC HLBRER 19 J5E ] . S-MCS FR 7E FEAS S 3 K I 1%
DLF AT RAAG BB RS g 45 2R H R 4 Kk S
AT RAE SR T LUR AR SO A TCie 1 30K B &
W SO I TG #R 5 T S-MCS Jr ik, i B 2 i
SR, AT U A SO 35 e Ak B 22 B3 A A) L
F18 e 28 R v A

4% B

1) RSO Uk W 09 i 25 JCE & X ) 1 iy 4205
2N B T A AR E R R U R AR TR Ak
SUHE

2) ARICT7 AT H 50 b A iy A7 T RE A
HBC{EL DX (] il R — AR 3l 2 ) X AR A B A
(7] 3 7 [R) AR A 31 H BT A i A 4 T S 4 SRy R
B AR AR, IR B 32 5 T AR AS R I 3R 1l
(ERIRC R ESL NG VL 35 /e

3) AXTELTE TR AL, N T X
WKL 17 ] TGk it phe B g B2 Al 2 1 A FROIR 265 o B I
Z BT R B D0, AR S5 1% AT LA e A A bk

)‘Q

4) AT WA THE RS B S (E Y T $
Aa =mkax‘ak —a,_, |0, 3 i A 3T 4R 1 25 6]
o3 R SR R IR A R 5 =X, AT DAAR 4 b AR E

ﬁ#ﬁﬁ%o
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An efficient method for reliability global sensitivity
index by space-partition
YUN Wanying', LYU Zhenzhou" * , JIANG Xian®, YANG Caiqiong'

(1. School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China;
2. Aircraft Flight Test Technology Institute, Chinese Flight Test Establishment, Xi’ an 710089, China)

Abstract: The reliability sensitivity index well analyzes how the failure probability of a model is affected
by the different sources of uncertainty in the model inputs. In order to improve the efficiency of digital simula-
tion in estimating this index, a method was proposed based on the weighted density, the law of total variance
in the successive intervals without overlapping and the space partition. To accelerate the speed of conver-
gence, the law of total variance in the successive intervals without overlapping was proved and used subse-
quently. The weighted density method generates uniform samples in the possible interval of model inputs, and
it can ensure the equivalence of estimation by the weighted density indices. The proposed method can avoid
searching the design point; therefore, for the highly nonlinear problem which is difficult to find the design
point and the problem of multiple design points, the proposed method can well deal with. In addition, by the
idea of space-partition, the dependence of the computational cost on the input dimensionality is removed, and
the proposed method only requires one set of input-output samples to obtain all the sensitivity indices, which
greatly improves the utilization of samples and computational efficiency. Examples illustrate that the proposed
method has higher efficiency, accuracy, convergence and robustness than the existing methods for the prob-
lems of high nonlinearity and multiple design points.

Keywords . reliability global sensitivity index; law of total variance in successive intervals without over-

lapping; weighted density; space-partition; nonlinearity ; multiple design points
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i B RAFEFLAAOEE(NIR) = 4 FHE R/ H T b FEM KRR ¥ S HL(PSO-ELM)
Bk, ZRTIEREKREZEEN ., BILHARREII(ELM) BE Y K58 % THR
FANETRAAE G EREZE T ENEEERAAMAEN A, RE T HUEA N
Rl BHE iz R, 2B B, & PSO-ELM A48tk ELM , # & 7 i & 3 7 4R 1% %
B 0.01166 i /N%E 0.00322, 7 %485 F % 0.9951 488 £ 0.9979, b b 5 oy 4% A ol 2
R 5 X m EN(SVM) BP 4 4 W 4 5 3% 548 507 Sk W # A 4 R 34T 4 1, 1k 44 J5 89 PSO-ELM
HEREARBGOBHEMBITHZ MG EAFNRRELTHEANEEE TN E &,

x & A
(PSO) & %

hES %S 0433.4;TB96

XHtERIRAG: A

20 42 80 ARAR, I 21 40 it B A 2 & g ke
Ko T AR DR P I A A R S T
FE REASIE I 22 BB 23 43 0, 15 LB AT 495 5% 1 3 4k
I TETS Y S B WS R T A
P, B B I AR PR T AN

RURAR, S R LE NIV 3 - L o a2
KRS R AR B b4 AR . HRT,
AT LL AN I3 2 181U 43 87 7 12 A D e /N — 3 i
(PLS) | 3 #5 i B HL (SVM) Lk J& BP Hfi 28 %) 4%
(BP-ANN) %, PLS J&—Fh £ JuRUHE /0 b7 v,
SEAE BT R R b, 32 S A T R
B 455 R DI R LR A G R R 3 Y 2
WL AT SVM R I T KU /e Y 5
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L e v e e B AR TR Bz AL RE T, — 248
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2004 4F, g VEFE TR B R AR AR ) — R
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T R4, I AR YN B T 1 ) 4l 2 5 e
B, JAS T R B W fE . Guo 25" SR i
/N A A ) B L (LS-SVM) Fil ELM 37 3 21
AP OGTEBE R Y 2R IS A A AR AL TN o A 3 v Gk
100% , Huang fil Chen'” 45 J5 #2 1 T B % R 2= 5
HLCK-ELM ) | 3% 5 3 & B FR 27 > AL ( EI-ELM ) #1
3G AR B 2% 2 BL (CL-ELM) 45 2 i A BR 27 )
BB . Jin 25 R T TR U ST 1 £
T4 2 ELM, S8 7 A B R dE 51 . Alexandre
2 LR P s AL B AL ELM X 38 3 M 75 R 47 43
28, Bk I Bk Ay R ME W el ek Y 74, 83%
PR 93.74% o WRIEWRSF " R Al 16 B pk otk
ELM, [T NO 5 NO, 1B &S AR & &40 47, 525
S5 R RN BGH 5 LAY RE 08 P T M A T VR
OENRZ A BE . de Oliveira F1 Ludermir!™! 3%
AR E DS ELM 1 TR 00, &0 5
BHE PEXT LG SE 08 56, O e 0 B B TR
YER R Az A PERE .

ARSI T /N AR K IR 21 A0 b R B s, R
LT HEOG A A BR 27 > Bl (PSO-ELM) 5k gt 57
FOKWRE E oy AL T ELM fg A2 5 3
&2 Z 0] W B B R 2%, X5 T BP-ANN
SVM \ELM D) K PSO-ELM %5 3 15 78 (%) K5 B2 iz
fEPERE . A LI IR UE , M S B PSO-ELM 5.9
SK VR B A f A AT AR TR () R e PR R R R A
RERAL G i W 4y

1 JEasheigiEie

LA T R] WO F 2050 22 0] ) H
O, 2 TR AR A I Bl 23 R AT 21 A0 O X
9 780 ~2526 nm [ X B, ST LLAMGIE X FE R
By 2 A L4 b & S &M (C—H, 0—H,
N—H) ¥k 3l 1Y G 450 & 9 A% a0 B W 0 i 26 15
B SRR S A3 2T A3 T RS B R
a3 B A B RRIEAS B

B 1 Frs &5y 7 (NH,) JRsh B0, NH; O
Cy, XFHRPE 53, EAT X Bk i 45 i 3l A8 X B A 46
PRl KBRS PR 2l DL K Bk Bk il ik 3l 4 R R
L, S 4 DA IE IS . IS E R
5 A5 RD G5 A 35 Ry A W WA i, 43 A E 6520 em ™
(1534 nm) A1 9650 cm ™' (1046 nm) fffiF . NH, ()
FEATT . 4L 590 W Wi 0 45 22, 3 B R 6 609 em
(1513 nm) 5084 cm ™' (1967 nm) F1 4417 em ™!
(2264 nm ) 42b W% A 30 J35 58 K A g o g e A

AR FAE, fEoK T EZ DL NH, B X7,
KR LA E &4 e i) F 2 TR R FE 0 4h

i DX A R O R W T LA B IE . e 2
JIE 7R Ry S B i 4 2K G 2140635 K, 2K A
JE7E 4484 cm ' (2203 0m) 4 892cem ' (2 044 nm) |
5962cm ' (1706 nm) Fl 6 024 cm ™' (1 660 nm)
IR . T 20O AL 45 5 2 31
S AR TR G VAN 35 VAN (51 YA D WS &
L 2L S A O =W SIEAR By - i = A
SHEMA BB,

K1 & IRsikt

Fig. 1  Vibration modes of ammonia molecule

K2 SKIE LA O 1

Fig.2 Near infrared absorption spectrum of ammonia
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R &5 J2 T 15 #4582 ( Single-hidden Layer Feed-
forward Neural Network , SLFN) , 2k o T 1% 4t )l 45
IIE IR NS 25 5 B A R il il /M DL S )
R PR SR

P 3 T 78 Sy SR ) B 2 A o 22 T 4 2
M B i ,x,,x, BRI Y LY.,y N
fitiso, 00,0, NEEET R w=[w,] B
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Fig.3 A typical single-hidden layer feedforward

neural network structure
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min | Hg - 17| (5)
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KA H HEEZ K H ) Moore-Penrose
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) B AU w ARG 55 J2 D 22 b Al LAl 3 BE AL
B

2) HeETC R AT IR B 5 J2 Bl 28 0O eR A,
THE s A H

3) KRB B = H T ik 2L
2.2 MFRMHEE

ki 7 Bt AL 1k ( Particle Swarm Optimization,
PSO) % ¥ i Kennedy F Eberhart'"™ #2 1} . &
ENE B ERAE TR 28 k. G — A F
TE L FORE b 0 S AR BR R T R PR B R T
HEA 3 ARHIE, BIE B 7 B IS VAR, BB
L 118 BRI A AR W ek AR o e ] i s ) b
AL 0 T BB 2 R — A e LA o S AR Y
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n AR T AR A RE X, = (X, X, X,) e
D AR A B o 5 0 AR 1, TTRE S [R)
A — N TE R B AR, T —A> D i) it X, =
(4,05, %,) " Fome, REMRTAERN X,
AR H b ok Z5CRT LLSEE L0 R R 9 365 07 A . 5 i
AREF LR V, = (Vy Vo, e, V) HAME
WA P,= (P Pyyee Pyt FBE I 42 R B
WP, = (P Py Py VL A
B2 v (1
Vil =@V, + er (P, = X)) + c,ry (Ph = X3))

(7)
X=Xy 2V (8)
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A1 T ELM (1 B 15 8 2 80 (i A BUE A
ZOMEAL A ML TRZEE M AL GFEE L
9 I J2 4 5 A Al ik B B A B RS YL 1 ELM
Hh B R U A P S AU R A 2 0 A
#,ATRE S A7 R AR £ AL B & 2 N, B
ELM iz b tkae. B, 24t m ELM ke, £
L H bR S TR A B R AN B, SRR 2
b 2 B8

B XT b A [A) B, AR SCHE ) — Ff PSO-ELM 45
e, R H PSO b4k ELM ) %5 A2 AUE AR 5 )2
2. AEEME 4 R,

PSO-ELM H RSB SR UNF -

1) WIHRALRIRE . FhEEMLEE P 3% R 200, %
FEATSBOR b AR Bk m, Wk K
JEL=h(m+1) , FREA K BIRL 0 AR A
W 2 )2 Db 2 4

2) AR BE Y B . R ELM 53k
Xt 40 U AL R T R T R AT IR T E A R
T TN 4E 34 7 MR 1R 25 (RMSEP) 4 HAE S hi

4 PSO-ELM Fik 2 Kl
Fig.4 Flowchart of PSO-ELM algorithm
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DLP® NIRscan™ Evaluation Module (EVM) """ i
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0.01, HAFEAUBEPRE 3 R B IRBUEREA H]
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GRAEREAR . TSR REAR RN S, I 25 B B AR KK
g 21,
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W b B 1 61 43 S I 2 B RN T 4R I 45 4
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RS YN 2 AT I3 LA B 55 2R 5347 o

2K I 25 45 A ¢ £ %5 (correlation coeffi-
cient of calibration) R, | Il 2k £E 15 J5 R 1% 22 ( Root
Mean Square Error of Calibration, RMSEC) Fijl 4
HH 2% 2 81 ( correlation coefficient of prediction ) R,
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FIXH o
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Fig.5 Comparison of ammonia near infrared spectrum

before and after preprocessing

F1 SEEMUGRRITLE

Table 1 Comparison of imitative effects of training sets

kR RMSEC R,
BP-ANN/SVM 0.032783 0.9973
ELM/PSO-ELM 0.001543 0.9996

K6 4 MEENgGEMES

Fig. 6 Imitative effects of training sets of four algorithms
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ELM Yl ZREIA 25 R X b, % 1 # ELM/PSO-
ELM VIl 245 # 7 M1 22 RMSEC Jy 0. 001 543 it
i /N T BP-ANN/SVM Il Zk 45 34 5 M 1% 22
0.032783 A AHC R FUAH 2= 0. 002 3 {H ¥ 2 3k
1, B 6 Rl R BLA M 2, B Ak b I AE A 2 5
S 21 M UIGREEREA AL b5 ol 2K AR RV B
XFHCE 6 (a) F11E 6 (b) 7] A1, ELM/PSO-ELM X #
A R A, Ui 2R A LA AR T BP-
ANN/SVM,

%2 Ff1E 7 % BP-ANN ,SVM . ELM FI PSO-
ELM 4 Fp 875 WU 25 Xt . 38 2 o SE i 2
DAL SR FEAR MR BUKR E , R S 5 G &
B TR Sk AR A 45 R, B S BUNE
Z 2R R iRk 2 H ., PSO-ELM 573k A i 4 &
KR 2% B 4 X {5 0. 004 61, RMSEP i K
0.003 22, #5/NFHoAlh 3 45 3%, R, 9 0.9979,
KT HA 3 Fpo gk, WG RBOCR 4. B 7(a) ~
K 7(d) 4 %% BP-ANN SVM,ELM L) & PSO-
ELM iU 48 d B f & 25 5. e mr A, |/ 7 (d)
T I R L S R 2% B/ K B (B
FE Ao 4 PO LA SR T - PSO-ELM >
ELM > BP-ANN > SVM,

R2 AMEFEERERIILL
Table 2 Comparison of modeling results

among four algorithms

ok UK I B
KH pgE mE

W% RMSEP R,

0.04 0.064 23 0.024 23
0.09 0.09275 0.00275
/fl\FI)N 0.14 0.14553 0.00533 0.01428 0.9938
0.19 0.17977 -0.01023
0.24 0.22036 -0.01964
0.04 0.040 84 0.000 84
0.09 0.09272 0.00272
SVM 0.14 0.13062 -0.00938 0.01455 0.9807
0.19 0.18976 -0.00024
0.24 0.20774 -0.03226
0.04 0.01372 -0.02628
0.09 0.10368 0.01368
ELM 0.14 0.136 14 -0.00386 0.01166 0.9951
0.19 0.18976 -0.00024
0.24 0.23155 -0.00845
0.04 0.042 64 0.002 64
S0 0.09 0.08539 -0.00461
0.14 0.13842 -0.00158 0.00322 0.9979
LM 0.19 0.19434 0.004 34
0.24 0.23840 -0.00160

Fig. 7

T4 R TN AR 0 2

Imitative effects of prediction sets of four algorithms
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Quantitative spectral modeling method based on improved
extreme learning machine
ZHOU Meiling, ZHENG Dezhi* , LOU Ge, LIU Zheng

(School of Instrumentation Science and Opto-electronics Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: According to the principle of near infrared spectrum (NIR), an optimized extreme learning
machine algorithm with particle swarm optimization (PSO-ELM) was proposed and used in ammonia concen-
tration quantitative analysis of small sample. By optimizing the hidden node parameters of extreme learning
machine (ELM) algorithm, the problem of randomly generated input weight and hidden layer of ELM leading
to random modeling results has been solved. At the same time, the model stability, accuracy and generaliza-
tion performance were improved. Through the experimental verification, by the optimized PSO-ELM, com-
pared to ELM, the root mean square error of prediction set reduces to 0.00322 from 0. 01166 and the correla-
tion coefficient of prediction increases from 0.9951 to 0.9979. After comparing the optimized model predic-
tion results with the modeling results of traditional support vector machine (SVM) regression and BP neural
network algorithm, optimized PSO-ELM offers high accuracy and excellent generalization performance. Model
prediction effect is superior to the traditional quantitative regression analysis algorithm.

Keywords: near infrared spectrum ( NIR) ; quantitative analysis; small sample; extreme learning ma-

chine (ELM) ; particle swarm optimization ( PSO) algorithm
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Fig. 1 Sketch map of precession cone target model
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Fig.2 Sketch map of wideband netted radar
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C M SEHE SR 0 FIPIAH @, XF 75 1K 2 T Rt
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1 3K 0T B A2 B HE R TI
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B 5 AR N 220 R, B, 3 0 X (19) TSR X
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Fig.3 Time-range profiles measured by two radars of solving unit 1

B4 4RI L 2 WU AL A P E R E R

Fig.4 Extraction process of scattering point A’ s mean value and amplitude value from radar 2

x1 RBRATMHITER

Table 1 Estimation results of solving unit

LIS HLITG 2 G 3 KRORISIE 5 ¢ i<y
24 M

fliiH{E W%/ % i W2/ % fliHE WA/ % SR R/ %

0 10° 10.332° 3.32 10.317° 3.17 9.774° 2.26 10. 184° 1.84
x -0.275  -0.282 2.54 -0.268 2.54 -0.271 1.45 0.272 1.10
Y1 1.286 1.318 2.49 1.307 1.63 1.305 1.48 1.310 1.87
2 1.262 1.292 2.38 1.288 2.06 1.284 1.74 1.286 1.90
e, 0 0.000 1 0.01 0.0001 0.01 0.0001 0.01 0.0001 0.01
e 0.707 0.724 2.40 0.720 2.16 0.721 1.98 0.722 2.18
e 0.707 0.723 2.26 0.720 1.84 0.719 1.70 0.721 1.98
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Table 2 Estimation results of parameters

Wik 1 ik 2 Wik 3 3R SEE S
S8 PRI (H
i HE WA/ % i W/ % i WE/ % SR WE/ %

h, 2m 2.053m 2.65 1.968 m 1.60 1.972 m 1.40 1.977 m 1.25
h, 0.5m 0.514m 2.80 0.512m 2.40 0.507 m 1.40 0.511m 1.80

r 0.5m 0.492m 1.60 0.507 m 1.40 0.507 m 1.40 0.506 m 1.20
a, 145° 146.58° 1.09

a, 167° 165.74° 0.75

a, 177° 176.15° 0.48

Hie 1 IR 2 B Bs T A BB e 1 S8
B b HOR Bl BRI 22 /0 . ARG R 2
BRI E — A~ e JA 05K S A HETRAR B (£ = 0. 025 s
AR ) Ko TOURRC S s AT T s A B, A
BS Fros . EAAE A S B80S S B E L
PE A TSI T A4 Tk A I A 1 A X
B RRE T

BS54 PA T i = 2k 1 H
Fig.5 Three-dimensional reconstruction of conic node
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6 SR ICIR 22 M RE 4 AT

Fig.6 Error performance analysis of solving unit
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Space position reconstruction of ballistic target based on adaptive fusion
XU Dan, TIAN Bo, FENG Cungian” , HE Sisan, ZHAO Shuang

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

Abstract: Aimed at the problem that signal radar extracts parameters difficultly and has higher error in
estimating parameters due to coupling of precession cone target parameters, a novel algorithm based on uniting
the multi-aspect micro-motion information is proposed for parameter extraction and fusion. First, cone-shaped
precession model are established and scattering points profile sequence are analyzed. After that, different-as-
pect conic node scattering point is matched and identified using Hough transform. Then, the micro-motion in-
formation of two radars is united as one solving unit to solve the coupling parameters, and other parameters also
can be solved. Moreover, precession angle is taken as an example to analyze the variance of error, and each
unit is fused by the weighed fusion array based on minimum variance. And other parameters are optimized in
the same way. Finally, in one precession period, cone target space position can be reconstructed based on sol-
ving the coordinates of conic node and coning vector. Simulation results prove that the proposed method can
realize the extraction of high accuracy parameters and cone’ s reconstruction availably.

Keywords : precession; Hough transform; fusion; space position reconstruction; performance analysis
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(JEEfz iR R iz phes 5 TR BE, Jbat 100083)

i B A THAKEFREEEEHR(CHT) T2 R F A, — S RE — R
THRSAGN2REBSEHEERNFARMBEEE, REEA LAY RERRHFTRS
RIARBATFEEHF ARG, A REA R A RE X R#ATHRSEARBOREEZTERSBRE T
BHEMMTERARERBECEE, TUAKRB DR EFME, #—FEFRFITHHE, U
E W R R R 5 300 s By 5E | AR B AS A kb 82 4 4, AR Fluent 2C4HIE WA T % B & A
HTHRASEBEHERBWERENBEFRAREN 5%, it F AR BN E 14.8%

x # .
hE 4SS TKI24
ERPRIAAS : A

i [ 8 S 1% #4 ( Conjugate Heat Transfer,
CHT) " iZAFAE T LA .3 Jy BB A =5 I K Ak
TR T3 TR, ©—J7 m8 ik S B4R
A Pk B 3 Ao I ] 22 B T 62 B8 B S AL AR
AR LEAVE A B A L 53— T T A5 T 1 22 S b
e R IR N7/ B U 1 A
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LA B [ R N BT A A B R R AT RS B A A
LRI AR SRR S EY S HiE, %
Wk S SRS VT O T I R R Y TR BT IR, ME LU
FH Tl e S B 52 % AR B8, Sy e, (RT3 1T AN
AN T 2 B g ok 1 =2 ) 5 2% ) B 5 e =2 ) )
HRAR VLA TEAREESE AN EAEE
AR SR A T 55 o

AR A 0] 0 4 R AL, A 26 I 5 38 3 BN S 7E T
SRS H] P, 2 2B 0 RS AN AR Y 2 T B
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R 3 o v e 2 A B A b Ay AR A Tl A B 2 (1)
B, A SEBIE ST F ok R B A S O AR S R 4R

MEFEEHR; B ERA; WHRKNF (CFD); B xR

XE4HS: 1001-5965(2017)06-1224-07

ARy o3 M HEAT BRASSK M, O T R R S
(B 35 3l W A% 45 7 AT S 05 8 28 EL A B 2 0
54 & 4 n) BT (loose-coupled transient conjugate
heat transfer problems) ¥ 3K fit, 4N Bauman'®! I
Kazemi-Kamyab' ™' 25 &t i 125 8 75 1 7 b 1 1 26 i
48 S K G b AR A2 o AR ) I A 5 R X A% AR
[ 50, 52 R AR Navier-Stokes 77 i 5 [ 44 5 4 |
8 ST B Ao Tl R 7 o AR 43 Sl R AT R 2SR A, IR
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pressure at different locations
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A fast algorithm for long-term fluid-solid conjugate
heat transfer process
MENG Fanchao, DONG Sujun” , JIANG Hongsheng, WANG Jun

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

Abstract: Concerning the specific demands for solving problems of the long-term conjugate heat transfer
(CHT) problem at the kilosecond level, a new loosely coupled algorithm of the global tightly transient coupled
heat transfer based on the quasi-steady flow field is put forward. The flow field is updated alone by steady al-
gorithm and the transient temperature field of the fluid and solid regions are solved by transient heat transfer al-
gorithm alternately. Compared to the traditional loosely coupled algorithm, the computational efficiency is fur-
ther improved with the greatly reduced update frequency of the flow field. Taking a tube heated by inner forced
air flow heating process for 300 s as an example, the results by Fluent software show that, compared to the
tightly transient coupled calculation, the maximum wall temperature rise deviation is 5% while the computing
time is reduced to 14.8% .

Keywords; fluid-solid conjugate heat transfe; loosely coupled; quasi-steady; computational fluid dynam-

ics (CFD) ; forced convection
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Fig.1 Schematic diagram of intraocular surgery robot

based on RCM mechanism
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Fig.5 Structure diagram of gravity compensation model
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Gravity compensation of an intraocular surgery robot
based on computed torque method
CHEN Xiang, HUANG Long, YANG Yang~

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

Abstract; To improve the positioning accuracy and stability of an intraocular surgery robot which has a

remote center of motion (RCM) mechanism, the coordinate system of the robot is established. Based on the

equivalent system model, the instantaneous centroid position of model components is analyzed. The dynamic

model of the robot system is built by using the Lagrange equation. On the basis of the dynamic model, the

gravity compensation model is built by using computed torque method and it is simulated by using MATLAB/

Simulink. Each joint motion response curve is compared between the independent proportional plus derivative

(PD) control model and the gravity compensation model. The results of simulation show that the gravity com-

pensation model can compensate the gravity effectively. The difference between response curve and expected

curve of gravity compensation model is analyzed, which prove that the gravity compensation model has high

precision and feasibility.
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i) B B EHR E RS (PCs) B, @ T R B R b A R 2 80 B0 T LR D 3 & A
FARNBREZ FARBTETEN KL EEEBTNHREERIEAR R T RFEZHE
Aty e 847 T M8 3% (BCD-sPCA-1SVD) . Z B AW £ F B H 2 R8T E% LA K 2k N3, Y
B e 2k -1 MNEFRBRO T ER, REXTENLRRGTFEAFLSE FHEANE XME, B
R RBXBFHAEERAL LAY, ZELBRAERNUHELELEXTHANE S L E
GHMZEEN,FELEATERRIN., ZEEANRNG TELA BEGELEREW, ZHEHE
MAZEEZHESARBEE LA ETTHARN., BEANMEEREREZ B, THEHKMKS
THHEE 2, B WA AR B K AR K A B E R e AT 1R

X B W M4 MR ERS; EN; RARTRE; FRESME; AE

hESES. 0212.4; TP181; 0221.2
MEbRIRAS ;. A

E B 43 %3 ¥ ( Principal Component Analysis,
PCA) J&—Fh 3 2 i) B o i 55 B 4 T R B e R
G TR A G T Z N SR, i T AR
4;, PCA A f%) 35 i% 43 ( Principal Component, PC) J&
JIT A A6 78 B A M2 A, B PCOBAT — R 2
AEZrgt o R AR X 5 A M Y D A I
AT IR o TR R B o T S T R
J A3 B 3K — e B T B B, B A PCOaR A
JCE WA EAE 2 f 32 50 Y AT A R M S O

M EIE kO > ) ADHE R, F A
2 PPl 5 1 RSO R AR UK A FE A, BITSR
fifp A B R B, JF T O T 46 Y
(deflated ) K Hf i I 5EC A P 7 25 B R AR AR A
B2 B M 32 o0, AU 95 2E T LASSO (Least Abso-
lute Shrinkage and Selection Operator) 2] 58 ) #% 5
B (SCoTLASS) ' H B 3 W 43 43 HF HY 2F- 5
BRI B R AR (DSPCA) ) T I W4k 23 50

XE4HS: 1001-5965(2017)06-1239-08

SRR R RS T (sPCA-SVD) ™ 9x
i ARG K S R B 5 (ConGradU) Y i
A% B D A R 0 R KA R B 4 4
(EMPCA) "4 45 2 Ff ik 2 Al i R 24 32
S, BV ST 4 38 B A AR A — K 345 2 A H
A AL AE R B 3 4 43 T (SPCA) ) U
% (Gpower [, ,,Gpower [, ) VL R R T RS 4T
fO 84 RS ) H BR B (ALSPCA ) ' 1 B 4 A
T RERR B F B> 43 BT i (BCD-SPCA) " 45 |
SRAEZSE R B R B S 80T, IR R g sp A &
IR B R RS AR R Oy e BRI,
T [5) A 5 2 A 32 i 20 W 4 T B AR 22, 0 HL
33 2 M i X i ke R MRS . PCA i) S A5 2% HL
SRR R BT S IR I SR 2 AN B 4 i
B A

ASCHM T T L E W ALRE kAR E T
W PCA B FEUETT T SR A% B8 10 Be e R R

YRS EE: 2016-05-31; A B 2016-09-02; F% HARATE: 2016-10-10 09 :03
P 2% tH R 3k : www. cnki. net/kems/detail/11.2625. V.20161010. 0903. 004. html

E&WH: BXAARR#AESE (61172060, 61403011)
= BWAEE ;. E-mail; liuvhongying@ buaa. edu. cn

SIBwE: o, Mok EFENMHK AEBEERLGFRERSPH]] HFME AKX A EFR, 2017, 43 (6) : 1239- 1246.
YANG Q, LIU H Y. Sparse principal component analysis via regularized rank- k matrix approximation [J ]. Journal of Beijing Uni-
versity of Aeronautics and Astronautics , 2017 , 43 (6 ) : 1239- 1246 (in Chinese ).


mmm
全文下载

www.cnki.net/kcms/detail/11.2625.V.20161010.0903.004.html

1240 G| AN T Nl N = 4

2017 4

Wik (BCD-sPCA-ISVD) o % ik A9 3 22 LA 2
TP A A W T A R A B A B 20 e, 4
B 5 LA 2 — 1 A A 4 e 1 A R B SR A 5 F 2
A SRR S F 1) B3 445 HH T 1 9 2 5 0 R
MR A 30K ) R0 P 20 A A Ao T A S
&3 Hr T BCD-sPCA-SVD #1153 52 2% J& Jf IE W]
FOR S o R RO USSR T %51
A1 5 A

AR S B TAT 19 1 ik AR 9 6 HL
SR IS B AR

S R sgn( - ) AR nox p 4 S
ME S RAFSHT o v B, B0 i
v VONHLEE, E I BT v Rk, 55
[vlly = YV F ], = o] 51 v L

WHOM 1 FaE vlly R i L TR, EERR v o
FEFITCEMAE M5 v Fv, ZIEHE i A
A5 o, | A1 max (v,,0) (. e o4
MR, i85 S, (v) =sen(v) ([v] -ye),
Hym v MRS . AP, X e R"HEL
PR (X AR OB, B3] 1) {E R 0)
W=(w ,w,-,w,) e R U= (u, ,u,,u,) e
R V=(v,,v,,,v,) e R Hrhn FrAA
Bop WAERNEE R ERS D 55 -1,
R HiBE Y Frobenius J54L .

1 HXMHE PCA KB E5HZX

AT ELX 5 BCD-sPCA-rSVD %% ] AH ¢ 1Y
3 B B PCA % 7% SPCA ., sPCA-rSVD 4 BCD-
SPCAEAT fA] 5L 1 [l Jit 5 15 1
1.1 SPCA 5 sPCA-rSVD Hy#& 8 5 & 3%

Zou F Hastie'' 7E 2006 4F 2 i} i SPCA , &
(B Y JE Sk PCA 323 1 [nl 13 789 1) 4 £k ) A8
IR N 5 TF [0 09 & H iy LASSO™™ (1, 15 %)
i3,/

ngX—XWWM+A;HME+;%M¢
s.t. W'W =1, (1)
Hh AEZ 8y, (G=1,2, k) HERAE S 847 v, 7Y
R BE s I, A ke By SR i . X F o <p B9 EUHE
BLER LB SE A >0, n>p 1,38
AT E R RDLER LA =0,

X TR (1), SPCA A B AL 45 T K 3 K
BERL (1) (AR B4 A 2 A Ae b, BE W ATV, 2 [
JEH AN A bR W(EL V) (978 5 B SR i 6 T
TyHb— A AR V(5 W) By R SR A OC T

VB[] 8 AT Ak Ry SR i B ARSI T VI
Gt v, B ), SR MR R OCT VR WO
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Al 13 25 i B9 PC 2 far . SPCA By A5 02 B M
RITTHE PCA 55 [ 5 78 [ 50 2 57 06 2R, VSR M 2 4w
LASSO fE 51500 (4 B A9 (1) 8 ol 45 3] & %4, JF B
X TR R BB (n >p 55 n <p) ,SPCA %R
HARRTEE 2",

Shen A Huang:” 1E 2008 4F &t 4 T sPCA-

rSVD, A A S R T B R A R A R S
PCA HEZR , HRR 1 6 BRI 15 2050 — E o, 2R
S % R Y H bR ek R s m WA (L, L S5
A5 ) AT B B ) ey, BD
min [X —w" |} +P,(v)
s.t. w'u =1 (2)
Horp BRI P, (v) Sy 1 5L L, J0BRSE y
BT v PR S8, — MOk UL, ZOR BT v 2
B ] 2, AR IX — 2 R A SR i B bR A G
T v B AR I A R AR A5 PR M, DR R (2) 2
XF v Flw 1) — A ROBEAS 4, A w Sy B ) 5201 v
B AR 29 A BR 1 .

sPCA-rSVD 1 J2& F| I e 4 #5 & B 35 ¥ 2
AU(2) AR RSB w F v 53X 2 AN AR AR, X [
Horpr— A Ap bR B Y A8 B I SR G T 05 A — Ak
T B B[]0, 28 25 Jl R A G T 3X 2 A Ak AR i
T ] B 2 2k 4 OE W AR e 1 YE R
(sPCA-rSVD-soft) ,sPCA-rSVD 1 [a] 55 1) 3K i %58
iy T B FEE AT S AT 55 B0 4 A7 F Y 2 [l JF AN
By AE ) B & sPCA-rSVD #K UK il 3 1L 43
MR Ty sk B AR 22
1.2 BCD-SPCA MR 5 %

Zhao 2 #E 2015 4F £ 11 T BCD-SPCA, &
ZE T A PC AT 1 B L, S L R A AR
W %) 75 S O3 il A 20 D
min X - UV'?

Il <t =12,k (3)
Hrtog =0 8 1y, RIS j BN v, 0O FR B
8 B, ZEERN SRR T REEEERE U
VAL oy i 2k B B v uy v,y
w, By (B w, =1,2, 0 R AR A AR,
JE¥ B bR eR B B R AR
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J=1,2, k) LA Al AR i % v v,
w,, v, u, FRITIE I MR f#CF v, (il w,) 1)
T[] B ZE 0 R 2 R S5 . BCD-SPCA (4 25 2
BT DK il B A R 8 W B R BRCIE R W B PCA
[7) 25 I B R S o Bk R YA (3)
g=10 6Ty FREMNRES S8, HXMN
A0 (L o B, SR HL b A BB T R R R, X
A5 n) R ) SR i AR AR 5T 24

ARG RERY (2) HE T B R kAR BRI T, DL E
[ N RN T 5 s i 0 T o R VAT 1)
LYGA 5B AT v, S AL ] 290, IR
BCD-SPCA [ 43 i s, &3t 75K 1, 1E bk
ke 4 W S8 AT [ 880 P B A B R R o IR BRER  F T)
AL 3R A b BCD-SPCA fiij #

2 Bk EREEIERRALERTEE

AR T ET L IENAEER kAR o i
it PCA B84 IR0 1SR 12 2 ) e AR b T o
2 IR0 A T TR R R S B
2.1 #HBH5HEZE

HEER AT AT L E WA R kO P E T
[ it PCA BEAY B

min X -0Vl + 3 vl
sty =1 j=1,2,k (4)
Ho EZ 8y, (=12, k) E CHBARL(L)
AR R .l RO R S A P AR, R
TE 58 P 249 o A58 TR0 R A TR M 117 TR It K 2 0
(O H B PCA B I I A 22 5K a7 1 1E 28 Pk, QA
RI(L) ~BEA0(3), STt AERAI(3) F, Bl g =
L35G T v, B M B 1k 4% AR 7E B Aw v A S 1E
IO OR BE v, 2 BT ] 5 1 2 SRR AR A (4)
A, #5570 (4) ] R AR L (3) I AR ST RRAS o [F]
i}, sPCA-rSVD-soft ALK A DL F {2 AL A (4) 78
k=1 B B R0 (LM B 249 2% 728 o e Sy BRLASE 1)
IR o

Xt b R AB A, AR SCR A BCD-SPCA iy 43 He i
2, IR S AL AR T B OR iz ) i, B HL &
Sk H AR AN RB

k
1X - oV + Xvilv ) =
=

k
IE, —up!l; + vl d =120k

H: B, = X - Y ww! o fEFRRE(4)H, 2R
i#]

FE R v, LA R A A A B i) A8 B I, A5 3 6T v,

H [ @t B

min [, - upli+ vl

s. t. v,.ij =1 (5)
A 7 B, LAAI Y H A A BR e i 28 6 ), 7

KT w;, 1), B

minll£, - s (6)
RTITEERIR, A EE u vy, BT MR,

ME. uy.yRKFEmxR, HT

|E-wv' |} = |E|; -2u"Ev + u"uv'y

W7~ 1)t (5) S5 M 2 38 2y ¢ T v FE B2 BR AR

AMEZ R R Em E L g B

min w'uv'v - 2(E'u)'v +y|v|,

veR’

s.t. vy =1 (7)
PR vly = 1, AT F ) B8 (6) nl 45y R ik oy
KT u BICL AR AL 0], R

min u'u - 2u'Ey (8)

SEF L ORIEHE 2 5T T (7) R T 1)
(8 11 i A

EEL S, (2E'u) #0 I, F (7))
fit Hy
v' =S, (2E'u)/||S, (2E"u) |,

MERR O IRIEE (7)) 1 249 3 4 AR A DB (7)
{9 1 s o i, 75 0 o) B (7)1 B A A S R (9) 11
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min] -2(E"w)"v + yivll,

s.t. vy =1 (9)
FEARAE S (2E"w) #0 FSCHR[ 7] b w14 2540
(9725, AT LIGIE B X (9) A5 Mk — 1) S 1 i
v=S,,(2E'u)/|S (2E"u) |,
IE B

EIE2 FRE(8)MEMLMH N u" =Ev,

BCD-sPCA-rSVD 5t & FI I I 1 B 4 48 04 4
Hmis, e v, s, v, u, v, u, BIR T B
MR DG TF v, T, 19 [) R0 28 5 28 0k %
. BCD-sPCA-rSVD Hyfhts ik ek 1,

ik 1 Hpi PCA ) BCD-sPCA-rSVD 44 3k

B BE A X R L A B kL
BUESHE y,(j=1,2, k)

L SsEbnia g v, U

2. repeat

3. forj=1,2,---,k do

4 HWHEu =X'u, - Z‘ vouu,
Lot}
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s SKARET v, (9 F 1) (5) T H v, B
Ly, =S, (2Eu)/|S,, (2Eu,) ||,
6. & Ejv/' = va - Z uiv"'rvf

7 AT u, 09T 1R (6) K R, B
S u =Ep,

8 end for

9. until stopping criterion satisfied

B A R AT v Ly,

i1 -F BCD-sPCA-rSVD % ] T 5 BCD-SPCA
AR 68 0 Pt 30, IR AR B0k 195 9 A7 b R
55 BCD-SPCA AH[F A28 1k 4544, BV U 5 VY 5555
FUNT 2558 BE, B0k i 3k AR U B B B Y
e RIEAC AT Bk 2k,

HHk BCD-sPCA-rSVD 555 1 35 Ir /- 4 1Y
3 Fh RGBT PCA S0 0 2 e AL AR T Bk ik, (H A AL Y
FIBIE W AR B 25 8 B AT XA — s /Y DX

1) 5 SPCA A H.,BCD-sPCA-rSVD )4y B 45
G5 SPCA KA.

2) 5 sPCA-rSVD #f [t, BCD-sPCA-rSVD fig
) INF 3R 24> 8003, O B RL B H A ek 8O & A
1y SRR 0 %) 540 R A 0 Bk ke LG, 2 R
Sk v, 8 o ) BT R 42

3) 5 BCD-SPCA 4t ,BCD-sPCA-rSVD [FJ#
R AR PC B A9 1 M 25 AR S H AR ok 2L
ARG ST I, T AN A g 2R S A
2.2 HEEZEESN

NI 3 & BCD-sPCA-1SVD [ 3 552 R J&
N1 SPCA BEAT LU AL, AR SCRLE L 1 5 3 47
8 47—k,

Oy ANZAE R RALR 5 TR EITRS 417 S
64T Elu, M Ev,, % J R X hEE LR
B S E w7 B I 1 TR
X'u, TR T I ANE T BT k-1 R
PR SRR (k1) n AT E'a,
B ROFFERR T+ (k1) n. 250U 8 3H 55 By,
BV SRR T + (K~ D)p. AT IS8 E T, I Eyv,
MR E AR O(J + kmax(n,p) ) o LB L
BUGERIHT SR 2L E R O(Jk + max(n,p) k)

® 1A T &M PCA Bk B 0as et
B (45 BCD-sPCA-rSVD, SPCA LS M
BCD-SPCA) . X HLif 5 58 ¥/ 1 /2, 4 n > p W,
SPCAZE 4 — Wk AR WY I S 2 EH np” 4
0(p") , ZJEBUEARMITBE HEL N 0(p") .
M 1l i

1) ANEXET n>p idt n <p BEELE , BCD-

x®1 ERHEPCAEZHMITESLRE
Table 1 Computational complexity of each

sparse PCA algorithm

R R

B

n>p n<p

BCD-sPCA-rSVD O(Jk +nk?) O(Jk + pk?)

SPCA o(p*) O(Jk + pk*)
BCD-SPCA O(Jk +nk*) O(Jk + pk*)
sPCA-rSVD Wi+ B R R THEAN I n 52455

A%y p FRRLANEN

2) TEEmAEMAEABIEE(n<p) F, R
SR 3 AR UGE I B AR S A A IE, H
J& BCD-sPCA-rSVD Fi BCD-SPCA & 25 & 4% 1%,
2k BB U B, T SPCA 243 1 W B 12 U 0 47, 2R
W R 2 N SPCA IR S8 Bk, J5 X
3.3 Y5 MI3. 4 I BUE S RUAR G b L FE T iR
S, ik — 25, BCD-sPCA-rSVD 7F & K % {8 X b
BCD-SPCA /b 3R fit — /4~ J5 #2, if LA BCD-sPCA-1S-
VD W ERCRE &
2.3 WSS AT
753 AT BCD-sPCA-rSVD it S B, 1 6 A
FH 29 S48 7% R B0K ) 8 (4) T Rk b L2
F A1) 8, j4

f(ul’uz"”’uk’vl’vz"”’vk) = ||X - UVTH; +

k k
S vl + 30
j= j=
;H‘\‘qu;(v])(]zlyzs’k>y€’;}:ﬁbﬁ<@§kyﬁlj‘j
0 vav/. =1
fi(v) = .
®° VY # 1
i;f'_‘ﬂ;"é\
fo(ul7u2"”’uk7v1’v2"”7v1‘) = HX— UVTHT =

i
2
T
HX - uyvy,
AN
j=1

g (v, ,vy, e, v,) = Z (')’,‘”VjH] +.fj(vj>)
D Ji [ 52 (4 ) AT 45 2R 7R Sl JC 24 AR A ]

miri Solu yuy, o u, v, v, v,) +

fui, vl
A

go (v, vy, v,) (10)

[ (10) /9 B by ek B 386 1 f (u,y,
Wy, v, vy, v,) FIAE G g (v, vy,
vo), R dE e o X T v, 2 &, M
ARSCH 9 BCD-sPCASSVD ] 7 fF & 5k fi [
L0 B AR AR T REvE . 2 x = (u,,u,, 0y,
V)L R R A X = () uy, e v

Ve ) HHY (= 1,2, k) R Y B

vV, ,V,y,
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w) = Xv, €8 3 JEW T BCD-sPCA-rSVD J& i
S

EIE 3 BCD-sPCA-rSVD Bk ™ A i 45 51 fig
B f AR E Ao

IERR OMRIEKTFEMNE X AT, L, = {x:
S)<f(x"),viv, =1,j=1,2, k| , 5% L, &
B H f(x)7E L, %S, QB K £, B Ul
A H A ZE LI f & Gateaux T i 1Y, M AR
PESCHR[ 14 ] i Bl B 301 oR B0IE ) Y ) A
PR fCx) IEW . Qe B 1 1 n) (7 ) A5 e —
fiff, DRLUE [ (5 ) 0 A5 PHE — fiff 5 T I7) A2 6) 1Y)
HFr REOCT w, 2™ 4% M0, BT DL 18] B (6) 0
A ME— i, RIERMD . .@, I CHk[ 14 ]
MIEF 4. 1(c) n] 1, BCD-sPCA-rSVD B r= A= [
FOVSLT f IR E o iEEE

3 HELERSSH

1 T % 3iF BCD-sPCA-rSVD [ 1] 170 5 4 5%
P, AR 30K BCD-sPCA-rSVD Jij ] 5] 4% Fh 845 42
Al FE B OS2 0 4 4E ( Pitprop, Colon Cancer,
20Newsgroups ) Fl45 BUECHE , I 5 H A © A 09 o
PCA B dFAT L8 AR SCHP (4 BT A B0 S 56 3
JETE A BREE R IR RR R XU 2. 20 GHz (133 HL I
EAT, S T B A 2 ) H MATLAB 2010a %
(G E

BCD-sPCA-SVD ) 8 o5 V° iy 45— %1
TRy BT, U° = XV, 5 il Kk A o
1000, U VR HH R B B 107, W1 F 4 905 o,
X R HUAE I R AR AR
3.1 Pitprop #1E

AR A Jeffers 78 1967 4F 5] i#F #4) Pitprop %
#:1° S B 3F BCD-sPCASVD % ¥ i 1k fig.
Pitprop 45 £ &% 180 FEA, 13 A8, [ n =
180,p =13, "B J& F W53 177 75 fif B8 TR ME 1Y) Jc ok 28
B B B B R 6 AN 3 R B e Th ik
BHEITE., AR YE BCD-sPCA-ISVD H.# 11
ok 4l 45 SPCA' | SCoTLASS™ | DSPCA"! |
sPCA-rSVD-soft"*'  Gpower ( Gpower,lvk) 100 ALSP-
CA" DI & BCD-SPCA'™', %} F BCD-sPCA-
rSVD, BUJF ] B (4) TP iy, ~ y, KK 0.6,
0.6,0.6,1.0,1.0,1.0,

%2 Wy Pitprop 4 F PCA 54 F 5 PCA 45
WHMERE R AR . LR 2 B A i B AR B A R
JCE M (CH 0 R 4% HE /N T BAE 0. 001 B, B
I 0) o 58 3 FIF RIS, AT 2 4

v, 5 ov, Z B AMA a,, WARIE %N
190 —a, [ AR R AR . 0 SR Z AR /DN, 22 W IE 2 1k
ML 5 4 BRI ARG PE$8 45 32 i 2 T AH OC 2R 4L
HXMEM R KME. %S 5IH PEV f8 1T & > 6
S B B Ty 2 A o A R R O 25 ALY g
o, BRI G PCA BE Y B2 48 bR . AR
F Zou Fl Hastie'" 42 1 19 7 ¥ Sk 155 1 32 2>
1 PEV., s i — 5 48 Bt 56 B X B A X E A R
7 RRE B J& B 1K 52 F0 K 14 ) B2 R ST A0 A0k
MITERE. SCHRL 1245 T RRE M85 1%,

%2 Pitprop H#F: & i PCA B RIS IR

Table 2 Pitprop data; Performance indicators of

each sparse PCA algorithm

ik g ARIESS M AHSEME PEV/% RRE/%
PCA 0 0 0 86.94  36.06
DSPCA 63 13.63 0.57 72.46 47.71
Gpower 63 17.88 0.51 75.04 45.89
SCoTLASS 27 0.32 0.44 78.24 49.24
ALSPCA 63 0 0.30 73.32 45.37
sPCA-rSVD-soft 53 14.76 0.46 76.59 46.76
SPCA 60 0.86 0.40 75.82 44.48
BCD-SPCA 63 20.05 0.40 75.86 44.19
BCD-sPCA-rSVD 63 1.51 0.28 75.13 44.18

# 2 KW ,BCD-sPCA-rSVD 15 3| 1y 870 1Y
SR s A I S S N U I S G = )
PEV, H 9E IE 22 P () 3R #L L T DSPCA | Gpower,
sPCA-rSVD-soft 5 BCD-SPCA ; 7EAIE K B A )5
[ii , BCD-sPCA-rSVD ) RRE {5 BCD-SPCA #i
SPCA Ry LA 55, H WA & /N T AR 5 PCA 55
B — 2P B IE T R R 22> 32 40 AT DA BRI G
BT AR RPUR X —

3.2 SHH#E

£ [& Zou 1 Hastie'' #2 Hi 19 A T4 B BCE
ARSCH e L3 MRV, ~N(0,290),V, ~
N(0,300),V,= -0.3V, +0.925V, + &, Hrf & ~
N(O,1) V,\V, 5 g Misr ., SRGad ik 3 A4
A AT 10 A4S0 A% 5

Vi+e i=1,2,3,4
X, ={V,+& i=5,6,7,8

V,+& i=09,10,
Heop el ~N(0,1) H & BMEM A (=1,2,3;
1=1,2,-+,10), I EXRZRAIHEHAREV, .V,
5V, W07 224Ky 290 300 5 283.8, Hix 3 4
745 g A DG A LI A 9 S B B 4.4 .2, HodR
Ja 2 AW AS EAY S VA0, V, X5 VY,
LMEARSC, Pt R8T 2 A i se 2 &
Ji G B 08 R R 4 S o IR B T A
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1) i UL AR B Xy X X, X SR 5
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ALSPCA"™ ffy ab B 5 2, S 3of B3040 30 47 B A B, B
FPOr SRR L max D(X,) 3 D(X,) %
NX T2 ERERL(4) P HLy, 5oy, B L
i1 7 SPCA . BCD-SPCA L) M BCD-sPCA-rSVD #
Je [ I SR e 22 A~ T2 o3 1 B AR AR R B 05, TR AR
ST K J T A 2 A S2E 6% BCD-sPCA-rSVD 1y
TR SR 53X 2 Rk i B4 R AT IR
F 3G B T PCA 5 &M Bl PCA B 3k 1
AT

®3 EHEEPCA EXHG PCA HiENET

Table 3 Synthetic data: Loadings of PCA and

each sparse PCA algorithm

PCA BCD-sPCA-rSVD SPCA(BCD-SPCA)

A
PC1 pC2 PC1 pPC2 PC1 pPC2
X, -0.1163 -0.4784 0 -0.5000 0 -0.5000
X, -0.1162 -0.4784 0 -0.5000 0 -0.5000
X;  -0.1162 -0.4784 0 -0.5000 0 -0.5000
X, -0.1162 -0.4783 0 -0.5000 0 -0.5000
X5 0.3951 -0.1453 0.5000 0 0.5000 0
X 0.3951 -0.1453 0.5000 0 0.5000 0
X, 0.3951 -0.1454 0.5000 0 0.5000 0
Xy 0.3951 -0.1453 0.5000 0 0.5000 0
Xy 0.4009 0.0091 0 0 0 0
X1 0.4009 0.0091 0 0 0 0
PEV/% 99.72 80.46 80.46

Wt 3 3 K, BCD-sPCA-rSVD [a] H A2 Fif
L —FF B MR T AR 4 3 AT i —
A BGAE T BCD-sPCA-rSVD J& 0] 17 H AR o
3.3 Colon Cancer #F

45 719 ( Colon Cancer) & [ A ¥ 421 2
HRY Y 4E AR AR B, B 62 MAEA
(22 AN IEH U AR 40 A9 A8 4L 8URE AR )
2000~ FE (K 2 ik 78 &L Bl n =62 ,p =2 000,

TR 3 A~ F 4 PEV 24538 60% , [H it
TEARR LI E =3, X 73X 3 i #i B PCA
¥, 2% ALSPCA''" (i 4k B J7 3, 5 % H 4 o 47

BAbE, 4 X = — X

n-1

o X F BCD-sPCA-rSVD,

WA RY (4) Hi oy, vy, vys 23908 135001 700
1700,k T 33F BCD-sPCA-rSVD 7 & 4E 50 4
A RO A S KR — AN SRR HT I T 2 MK
PR A8 b < VI 1) F13% AR EL, 4 4 O Co-
lon Cancer ¥#fi T % #i i PCA Fuk Y MERETR 15
& 4 Colon Cancer #iE: &# i PCA &1
4 RE N RIS AR
Table 4 Colon Cancer data: Performance and efficiency

indicators of each sparse PCA algorithm

. 12 A,

. . AEIE ... PEV/ RRE/ MU ft

(A7 i i pm AH O % % Eﬂ‘l:ﬂ/ WH
PCA 0 0 0 58.35 64.54 1.98

SPCA 5370 22.88 0.49 46.12 65.48 4.47 165

BCD-
SPCA 5373 29.15 0.54 48.88 69.73 3.65 97

BED-sPCA- S 376 24.02 0.48 47.24 65.34 2.76 91
SVD

M % 4 A H1, BCD-xSVD JiF 15 Y 2% fir 75 £& +F
Bt S PEVAFILT #2800 9 15 ) 1)
LR, I AR IE SR A SEHE \RRE J7 i 5
Hop 2 MR R — B0, XS SUAR 4T b
SCRE TR TP BT A IR, IR TR
T fiff Ve e 4E R i PCA (] IR A4 75 B8 2880
3.4 20Newsgroups £ &7

20Newsgroups & — 20 % 4 = A A< (1) £ 40 4
BICsk 17100 A FETE 16242 G5 41T v B A
LM n =16242,p =100, FirA7 18T 40 3 2 A 42
BRI R A0 542 RS Usenet b, % 4
£ 3 A http: // cs. nyu. edu/roweis/data. html,

EARREE PR k=2, 5 F— LM,

S xR LT 4 X =

o X}F BCD-

n-1
sPCA-rSVD, WA (4) WR iy, y, 23051 h 166
166, & 5 Jy 20Newsgroups U Hg T £ #i 5 PCA &
HPERESE AR
#& 5 20Newsgroups % . &% Ei PCA EiE |
4 BE F1 R R AR 4R
Table 5 20Newsgroups data: Performance and efficiency

indicators of each sparse PCA algorithm

o JAEIE L . PEV/ RRE/ HHfE/ %%
(= R7S i 1 P s LIES % s B

PCA 0 0 0 10.69 94.50 1.08
SPCA 161  0.07 0.15 8.42 95.76 2.62 192

BCD-SPCA 161 17.64 0.30 8.71 95.34 3.11 58

BED-sPCA-— 106 0,02 0.09 8.58 95.60 2.73 52
SVD

H 26 5 W] %01, BCD-sPCA-rSVD 3453 i 48 fif 78
Mg & \PEV RRE J5 5 HA 2 Fpf vk i R L4
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ARSCE AR T T IE WAL R &R [ 3T 69
M PCA B0 (4) , JF BT 1 3R Al 32 45 B f) B A
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AL 5 TS B, B 70 5 BUE R DL R W]
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Sparse principal component analysis via regularized
rank-k matrix approximation
YANG Qian, LIU Hongying "

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

Abstract: In calculating the sparse principal components ( PCs) , attaining £ PCs simultaneously can re-
duce the accumulated error arising from the calculation process. We proposed the sparse principal component
model via regularized rank-k matrix approximation and designed a block coordinate descent method ( BCD-
sPCA-rSVD) to solve this problem. Iis main idea is to first divide variables into 2% blocks by coordinates, and
then solve sub-problem with respect to each single coordinate block when keeping other 2k — 1 variables fixed.
By solving these sub-problems with explicit solutions recursively until the stopping criterion is satisfied, the
BCD-sPCA-rSVD algorithm can be easily constructed. Its per-iteration complexity is linear in both sample size
and variable dimensionality. The algorithm is convergent and easy to implement. Numerical simulation results
show that the algorithm is feasible and effective when applied to real and synthetic data sets. The proposed
method reduces the accumulated error and has lower computational complexity, which makes it well suited to
handling large-scale problems of sparse principal component analysis.

Keywords: dimension reduction; sparse principal component; regularization; block coordinate descent

method ; singular value decomposition; threshold
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B REMHZ ZH BB N0 Sm, #HTHH, BT
Wb EERE -1.5, -1.0]m, [ -1.0, —0.5] m,
[0.5,1.0]m &%[1.0,1.5] m X [a] i, i1 %5845 A
ARAR K MR DL IXCTA] N #3A BUE 0 5, 4
R AR AR Bl AR AR AR B B R A T
B R 22 (0 52 ), Z20mE Al 52 e PR . 45 OR
F2HMAE L R,

4.2 HETERREMRE

K FHAE PIDD 35| S8 2 J5 i A IE 3R 35945 1)
Tk B RE IR R 25 o BN SCk [ 7 ] rf i 48 R
B), I35 B 9, i 20 228 3R s ] (L ¥ PRl A oy
[0,1 000 ] ms, L 100 ms 1}y AH B HUAH Z 22, 05
LRI B SR B AR AR 32 B A Gk KTt

=21.825 (12)

xR2 GFEVNSREMHEMAINE
Table 2 Carrier landing success rate with

measuring error

TR 22 /m s

3 Gl 4 9t

-2.5 0.0000 0.0000
-2.0 0.0000 0.0000
-1.5 0.0000 0.0000
-1.4 0.0725 0.0300
-1.2 0.1775 0.0775
-1.0 0.2500 0.1300
-0.9 0.3050 0.2375
-0.8 0.4175 0.3225
-0.7 0.5025 0.4300
-0.6 0.6425 0.5550
-0.5 0.7925 0.6550
0 0.9375 0.7725
0.5 0.8225 0.7175
0.6 0.6775 0.6525
0.7 0.6050 0.5250
0.8 0.4450 0.4025
0.9 0.3950 0.3475
1.0 0.3375 0.2575
1.2 0.2500 0.1850
1.4 0.1450 0.0750
1.5 0.1125 0.0325
2.0 0.0000 0.0000
2.5 0.0000 0.0000

BT 36 R T 3 5 0 e 2 it 4k
Fig. 1 Curves of carrier landing success rate

versus measuring error

SALINT [ S 3 PR B2 0, 220 W Al R i 3R i
SRR 3 MK 2 Fros .
4.3 BEFBRERE

K HIE 5245 5 & 0 64 J7 1, B8 1k it 1A
o M P RN g B MR P SR TS T 494 ) M P (L,
o B, SCRREO i 45 Y IR A R/l 2.5 m,
A ) 1 B /A N i = N - N S R A
[0,10] m, L 1 m S AHABHRAE 2 22 , 763+ 5 45 SR AL
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PER IR (7,8 ] m B BUANBES B, 05 i A2
A LR AR Bl BGR R 12 Bl AR ik A TR
ZHFEN, 2 A N R P AR IR 4
AL 3 JT 7R

®3 BENBERRENHERRNE

Table 3 Carrier landing success rate with time delay

AR %
HESR 1] /ms

3 i 4 i
0 0.9375 0.7250
100 0.7675 0.5475
200 0.5425 0.4225
300 0.4075 0.3550
400 0.3600 0.2850
500 0.2850 0.2350
600 0.2400 0.2075
700 0.2125 0.1875
800 0.2075 0.1800
900 0.1925 0.1775
1000 0.1700 0.1600

P2 35 R D 3 5 S SR I ] i 2%
Fig.2  Curves of carrier landing success rate

versus delay time

x4 GEBRSFKIREHEEDRIE

Table 4 Carrier landing success rate with noise error

R 2R M B/ m

3 Gl 4 YLt DL
0 0.9400 0.7275
1 0.9025 0.7050
2 0.7925 0.6875
3 0.6875 0.6575
4 0.6050 0.5825
5 0.5575 0.5375
6 0.5000 0.4825
7 0.4675 0.4225
7.3 0.3875 0.3575
7.6 0.3050 0.3050
7.8 0.2700 0.2700
8 0.2350 0.2350
9 0.1750 0.1750
10 0.0225 0.0225

3 AT AR 2 i i
Fig.3  Curves of carrier landing success rate

versus noise amplitude

MR XT3 JETH A5 Z 3R B HAaHr, Al

& TR B S B 5 22 R AT B A 208 X EL Y 35 i g
T, B SUE AT AR, S MR RN T TR
TER A B ELIN, U0 25005 3 B 2 , 1 45 e 7
5 PR B 2 45 TR IR, KR M I O A IE R R SE IR

2%, WS 55— B 220 1 Y AL, /N HOE 26 LG S0
5 & it
L5 LR A X351 15 B0 3 4 B

%mliﬁﬁﬁ%ﬁTan 7 iR 2 A
JF1) SiE 3R % 0 A 5 X AR 2R RPLE IR RE i, LA
JIR B Ty 2R Sy ik RS0 L F/A-18A 7 v 4R g
B, FLAR A 32 3 LA A [ B4 R A5 Bof 10 25 A0 B 2 2%
7 L5 v SR FH 4 o AR 5 Ok B O AT R
25 KRR 2 TN G4 PR 25 P — b, H A SR R
HAEIR B

1) [F]—Fp iR 22474 T 0025 R 2 2%, B i
25 Y WA 3G T R ARG, 2 B AR fL LA

2) X R 2, 7 IE 7 0.5 m I {E {5 [
P, 35 I S v, AR G A XHE K F 0.5 m
B, B 20T B, B VR ST R IR A1
X, B Uy AR 0. 7 ol B IR A1E 33 152 2 o Bk i) 344
T 38 Vel R R A U %, 3 4 B, 100 ms DAY
1 4E 3R B DR UIE 80% 1) 45 ML Fu 17 X V& 50 W 75 44 ik
IRAEAE4 ~7 m B, 200 8 A U O 28 I it & M 23T
ML IRAE 5 B iz 3h il 8 iR 1 4 ok 323, 2 Fif
V190, 10 5 R 1S B0 R AH 22 85 /N o

3) AR KN IR 22 A7 7E T 1Y 25 I
Ty, BV LT PN AR 54 9008 DU AE LR IIE 80%
L1 25 R Fe 11X 80% E’\J‘% 5%&,%@%“@7ﬁﬁﬁ
3 G, T R T M A%

ﬁiﬁ%%%ﬂ%ﬂ%hﬁﬁi‘ oA
MR AE A [ (1 3 Fp B TR SR AR 22, R T



1252 b B = R KR

2017 4

FOR 2 A AN [a] 96 B0 B9 A8 AL LA, OF 45 B
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AR IN o {5 A R T 3R 22 KO e X T
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PRUERA E RS IR ZE IS o IR A AR BE B 0T 35 L4 1
RVt i 5225 0 LS bR TR B A
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Effect of radar signal error on automatic carrier landing control of
carrier-based aircraft
YANG Baojun, LIU Gang® , HONG Guanxin

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

Abstract: The effect of signal error on carrier landing during radar navigation was analyzed based on the
automatic carrier landing system ( ACLS) of natural carrier-based aircraft and the commissioned main guiding
way of radar navigation in carrier landing. According to the components and the functions of the ACLS, the
system and the environment of the whole carrier landing simulation were established, and three different kinds
of radar error including testing value, delay time and noise were taken into simulation in order to simulate the
landing conditions with error. The results were proved correct due to the calculation of carrier landing success
rate which became lower as the absolute value of error increased. This method analyzes the effect degree of ra-
dar signal error quantitatively, which not only contributes to the study of carrier landing theory, but also pos-
sesses guiding significance for engineering design and application.

Keywords: carrier-based aircraft; automatic carrier landing; radar navigation; radar signal error; carrier

landing success rate

Received: 2016-06-02; Accepted: 2016-10-14; Published online: 2016-11-02 16 .40
URL : www. cnki. net/kems/detail/11.2625. V.20161102. 1640. 003. html
Foundation item: National Natural Science Foundation of China (11402013)

* Corresponding author. E-mail: 1g@ buaa. edu. cn



2017 4 6 H
$43 4 456 1]

tEMEMRRXREZER

Journal of Beijing University of Aeronautics and Astronautics

June 2017
Vol.43 No.6

http ; // bhxb. buaa. edu. cn jbuaa@ buaa. edu. cn
DOI: 10.13700/j. bh. 1001-5965.2016. 0477

BDS/GPS A& /) H-ARAIM PBN #0

&
8

ADS-B i F3 ] At {h

BEY, TIHE

(dEmizs iR R 7 E RS TR MEXEEHMTREHARE ALK E, JLat 100083)

i B OKP-E#HBEURNE £ 744 HE RN (H-ARAIM) BB £ A 4 & B8 H AN R
BETESMEFEEMNE A, K H-ARAIM By T ab oy $AU(PBN) fu - % KX & 20 A x I
M(ADS-B) i fl & X T XE AR T EFMAL(GPS) P EAFH I TESMES
(BDS) 44 R4, A RABALEHEME FREEHERE FREHERREZRE U
EAEEERE, AW EIFMHT H-ARAIM & PBN f2 ADS-B i fl 22k fT A M, &R LW . T
B B E B A E R AL, M AKCE R34 (HPL) 45 Ry % vl f 2 0. 1% ,PBN #n ADS-B 3 %] 5L 3]
A3 100% THRM; E4EHEZER N, & FRRAEE N HPL & b, & K4 7 3£ 20 m, {2 3f
PBN ft ADS-B M Al AT A ME AR EZH W ; AR EERE S 23MT K KXIHK-FH 99.9% HPL
%R K PBN fn ADS-B 5Ll [ FIME = 4 B F % v ,HPL A 1g Z 35 2| 32 m, ¥ | I B BF Fie B
TR AR, K ZETEME 96% , FrEmRT HFRAMLFARGERELNE LS E T FH

A L H#E
x

W AKP-EH A ERFEEN (H-ARAIM) 5 KPR % (HPL); % T

MR w AT (PBN); S # A B oM x W (ADS-B); A &

hESES . V221 7.3, TB553
SCERERIRAS . A

2012 4¢, [® bR R it 21 21 (ICAO) B i, ¥ (&
BRES LA T IR AR S 4 R+ T4 (2013—2028 )
AR PRLAT AR A LRI, AR O TN A R
25 2R G4 B T 9% ( Aviation System Block Upgrade,
ASBU) . ASBU 4 Hi - il A1 i B ) A% .0 & Ji€ 5 1)
3 ) O T PR RE B9 S50 (PBN) A1) 6 50 A B A ¢
WAL (ADS-B) , 1 76 £ Wbl A 32 5¢ 4 P W5 0 ( Re-
ceiver Autonomous Integrity Monitoring , RAIM ) 3 &
e S (1 U oii e L I W S B STy T e
(ARAIM) $ & 5 PBN il ADS-B i 3 % 3%
wE,

ARAIM J2 37— R TL R S M0 58 0 M B AR

XE4HS: 1001-5965(2017)06-1254-10

2008 4F T4, rh1 35 [ I A0 2 A5 B Jm) 28 40 A 7 1)
ABR G T TR R 48 (GNSS) 1k 45 # #F 5% /)N 4
(GEAS) IE 3T J& 7 X 3 — 1% 52 b 1k s 00l 2% 45 14
BF5E 4 ARAIM & U 5E SRy S ik 2 bl 11 3 58 4
P W, EH ARATM DA 202 J46 U0 3 51 %2
S XU R B 2016 4E 2 H 32 [ R
JRAL I WG-C ARAIM # RN KA T 3 SRR
BT ), 42 ARATIM Hi 3k [ 48 81, B2 & 45 52 it
K-S kBRI 1 3 5 41 WS I ( H-ARAIM) fij
5500 SR T AR A B 22 B T TR
fii PBN W 00 ADS-B 1 i % J& H-ARAIM 52
RN RV IR

W B 2016-06-03; EABH: 2016-10-01; M4 H A E . 2016-12-07 1519
M 2% H R Mtk . www. enki. net/kems/detail /11.2625. V.20161207. 1519. 003. html
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2542 ,% . BDS/GPS 4 & 1 H-ARAIM PBN £l ADS-B Jif JfI o] fiI 14 34 1255

P13 GNSS S AT M ARAIM iy GNSS ¢ i
W ZHOKF - 3 9% (HPL) J2& oK Sk P4l PBN &
itk BEFT ADS-B Wi MERER B S8,

MR ARAIM #E A ICAO F7 i, WG-C 4 %
GPS/Galileo 1) £ JE 41 4 T () H-ARAIM 7] J] 1 |
PBN #1 RNP 0.1 J% RNP 0.3 ¥l 7] ¥ .ADS-B
A HEAT T AR 05 EATAL L Uk 2016 4F [
WAL Z27E )L TP 2 T PBN &R 48 g 15 Fl
I IEAL ; ADS-B 11 %] JF 46 i A 2 b #, % 2T
JE KR MV TAEY . Wi fE BDS 5 GPS 4 & )7
I, AR AR A 2056 T s S0 5 W&
ORFFWAR IR €/

3 HEAL S AL R R 48 (BDS) #E A KK
ICAO () ARAIM HEZE | {2 2 BDS fiip 25 i H & J& |
ARCHE GPS Fl BDS [ 0L JA 4 & T 1 HPF A 4
BRI [ AT K M DX SF- 44 99. 9% HPL {i , RNP
0. 17] £ F1 ADS-B Al M5 704 T AR T2 A
JAE I ARE B R 1R 2 DA [ R R TR
TP EA R

1 E-F ARAIM gy HPL &%

ARAIM 5533 Sy B T 22 Tl e I {81 1) it 0 15
GO R T R AL AR A R A
Py b Rl B, IR 8 kAT M LA =0
Ry TR R A B AR

F A 03 18 SR A B 1 A — A T 4R R B K- £

g HPL, '
HPL, =M, + L, (1)
A 1M, SESENR A 2L, S
SEUFPE U AE G o JKF I ¢ 75 ) L #Y HPL,
HPL, = max(HPL, ,HPL, - HPL,) (2)
Hrog =1 F12, 50 R K HY 2 A 05 1 7R
b, T

12 ARAIM fiff 53 B 53105 vh | 2 B2 AR DG IE X
mr,

%,l g=1 B
N gat
M, :Kmm,ko-H,k + 2 AS,‘(l,i) ‘bnnm,i (3)
i=1

K, N R S AU A B AE g — A B
T LAY BE 5 5 oy, M KT T8 2R 1) L A A R
WREVRERZE M, B9 2 TR DR BE B 1) B Bk D
22 b, B E A g AS, (1,0) AR/
Fe B HRE 22, L8 1 4700 R KPR T ) 43 i,
N AL

%’[ q =2 Eﬂ‘:

N

My =K aous + 2, [AS(2,0) [ (4)
i=1

AP BADSHE X g =1 BAER,AS, (2,0) H
55 2 A7 I0E R K AL T5 1) o3

X A — A R AR B S8 A P AR DI E A
F(Rhg=1 M) :

N

Ly =Ky soup + 2 |AS,(1,0) [bo. (5)
i=1

KA, g =1 R BIHR X D S8E LKy, A
S 58 S XU A A g — A i s 7 4 B T
iy L, B 2 T0A R DR R 8 ) AR R i 2% B 46 B
SESLIR T, Ho AS, (1, 0) Ry dic /N e % 5 5 B
2, HAS VAT T R KR 7 a1 43

TR B =0, 28 &0 WL R2ELETH
HPL, %

N

HPLO :KHMI,OO-H,O + 2 ‘ASO(l,i) ‘bmax,i (6)
izl

5 Ja P T B — A J7 W) 1) HPL, pR ol e 4
£ HPL FI [ 74 i HPL 1531
HPL, =m;1x{HPLO,max{HPLk€ | (7)
H-ARAIM S & 25 28 Ry oK 180 2 A7 1) b 1)
HPL, 4P 5 i

HPL = ,/HPL. + HPL; (8)
2 H-ARAIM gj PBN i H

o i N N [ 8 IR o 1 =R ol S e N
ICAO T 2008 4F7F (3t FH: e iy T it PBN F i)
rh P ) — o o A Pk e R AR I A R B O
P, B0 PBN' L PBN B 4T A & HLAR T BE
PN 45 7 LR B AR O BT R S 0k BB (RNP) 7
LA, 5 AR H-ARAIM S 3L, RNP [y 2684, 2
4 % AE RNP J5 09 80(E « ok 8 € /9, X T
RNP-x, H & LW 7E 95% 1 RATH | 9 ALK
T AAH W F% N % CAT B ALE I « n mile, B i 18
RS B A B o o mile (25 BN o BB /DNRG BE
i, H-ARAIM ¢ 35 ) T & kS B RNP (1 52 9E
RNP (58 47 PEBR 6, i ARAIM B3 v HPL 34,
filan RNP 0. 1 B3R GR 48 % 22 (TSE) A i
0.1n mile, HPL A3t 0.2 n mile' ™,

TSE 1 3 #7302 il : i Ae L% 22 (PDE) (K
TTHRRE2E (FTE) FIS i R Ge 1% 22 (NSE) . Hrp
NSE Hy ARAIM %4 3 v 959% ¥ B ##5 i& , i F PDE
TE TSE Hfir 5 B R 8 /N, — Al DL 208 AN 1

A 1 B R R 2 T (9) TR
TSE = \/FTE® + NSE® (9)
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FTE {6 58 & % i LR ER X E LR, R
P ICAO KA i) RNP FM b 25 th 9 i€ FTE {H,
T N THAER AT 510, A 2525 3 AU 5
A LA JE 4 JCEE 4> RNP 25 B0 325k |\ ] F 7
DX % %3 X R kT

P 548 R K R /N B A A2 K ML EE AT
FTE W5, Horh ik 35 747 L0 S0 de o8 38 4 2 4%
I ARIE RNP Gz 17, A SCHK R & 737 A sh 2
AR BT A AT B B R FTE 9 i & (.
0.068 n mileff: Hy {5 FLEHE .

NSE {8 f1 ARAIM %5751 95% K5 B (0. oss )
B mER A AR
NSE =0, 05, = 1.96 x

S,(1,i)C,..Sy(1,i) +8,(2,i)C,..Sy(2,i)
(10)

Kb C,. LR HEEE J7 225 .

MR SR R DL 2 A SRR, W AR RNP
0.1 2 HM: DTSE<0.1n mile = 185. 2 m;
(299.9% HPL<0.2 n mile =370.4 m,

99.9% HPL: %> H] 7 5 Jk T A [ 45 210 %1
EIR B A7 HPL AE JE 47 /N B KR, IS
99.9% 4~H .

3 H-ARAIM ¥ ADS-B & A B
PBN 5 ADS-B WX &

3.1 H-ARAIM fj ADS-B 7 F

ADS-B & F| F Hb 45 F1 28 25 B8 B 6 RALAR
WU B R 5 58 M S5 45 R 1] s T 3l R Al A
25 g EAT TR TR TR 0 — RO IS R R, BT
ADS-B 4 R (I #, ICAO © & IE M MAT RS
FPON L SOl — AN SR R AU, B R ROk
Wit 2R G5 R B O A N kR Ty i
ADS-B MLz &% & b, 38 i i ARAIMAS 2] (%) HPL
SRUE G e BN 1 5 0T 58 4 P 2800 (NIC) S
fith, K FRAE ADS-B H b5 IR 24 B 56 45 M, B0H8 4
Ji FiT AU 07 G 3 26 B (NACp) RAE

NIC FH 340 il 5t 412 45 79 JL Al 437 8 2 75 3% 3
R WL N FH B 6% 422 32 i 200, 5 W R S8 A v 2
SI(SIL) B YA %, NIC 428 Wil e 52 T 58 i M
FACTE AR KN, BE R, X T GNSS £ 48 U5, R,
AT HPL AR, £ 1 @ LT NIC, il af 55 58 -
WAWE R WERETMARS . K2 EXLT
NACp 7326, NACp Hl THiik Rk B ADS-B k%X %
577 ADS-B 3 B b 0 B A BAORE . X AKCE A
B, R AT E R 2 (EPU) HA 95% (1)

RERE erdn VEPU Sy 3 B 7 i) 59 i V137 5 2%

ADS-B Z4ih , EPU ) /N A] 3 3 1153 K OF
i Jot LB (HFOM) 453 31 o 75 52 B 07 ] 25 H, Al L
IWHAARFR X R Y J7 18] b 8 75 28 K/ T DA 25
I g R AR SE 1 5 e A
EPU =1.224 HFOM , ,53, (11)
A HEOM, 555, 9 K IARMESCHF DO-253A A
HFOM {33775

AR i 75 00 23 M L5 oK, 40 T 24 i 3R A5 1Y
NACp NIC i f /2 75 i /£ ZEoK , o] ¥4 ADS-B AJ
k.

x1 SEFEREZ
Table 1 Navigation integrity category

NIC K5 2 B3 LR i i

0 R,=37.04km(20n mile) R S I

1 R, <37.04 km(20 n mile) RNP-10 414 35

2 R, _<14.816km(8n mile) RNP-4 1 & 36 Bl

3 R, <7.408 km(4 n mile) RNP-2 £ & S5l

4 R, <3.704km(2n mile) RNP-1 3£ 35 [

5 R, <1852m(1n mile) RNP-0. 5 4 & i

6 R, <1111.2m(0.6n mile) RNP-0.3 435 {i [l

7  R,<370.4m(0.2n mile) RNP-0. 1 3 % i [

8 R, <185.2m(0.1n mile) RNP-0.05 4 35 Bl

9 R, <75m H VPL<112m {51t WAAS HPL, VPL
10 R, <25m H VPL<37.5m %l WAAS HPL, VPL
11 R <7.5m H VPL<1lm {4 LAAS HPL, VPL

x2 SMUBERBERR

Table 2 Navigation accuracy category-position

NACp K5 2 3 S fliik

0 EPU=18.52km(10n mile)
1 EPU <18.52km (10 n mile)
2 EPU <7.408 km (4 n mile)
3 EPU <3.704 km (2 n mile)
4  EPU<1852m(1n mile)
5 EPU<1111.2m(0.6n mile)
6
7
8
9

RNP-10 4% 3t [l
RNP-4 {1 7 [l
RNP-2 41, 35
RNP-1 4 & 35 il
RNP-0. 5 {2 Vi [l
RNP-0. 3 4 2 Vi [l
RNP-0. 1 4 7y [l
5 Ak SA 1) GPS
BN A SA By GPS
i 4n WAAS

74 LAAS

EPU <370.4 km (0.2 n mile)
EPU <185.2m(0. 1 n mile)
EPU <92.6 m(0.05n mile)
EPU <30m H VEPU <45m
10 EPU<10m H VEPU <15m
11 EPU <3 m H VEPU <4 m

3.2 H-ARAIM ¥ PBN 5 ADS-B X &
ICAO T X LB AR K Ji e #45) BLUL , 5 X
BT AT RNP A& 58— 16 3% T PR REAY S T PBN
BEZ T IR ERRIEATHE) T, XX = A
HAR TR A R, R RO B RATIRES
Je J] B PR B AT SR SEIPRORS BR . R 3 B
G5 1 2 RO [l as A B Bous S T A s AR 4
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Table 3 Performance requirements of navigation and monitoring system at different stages of flight

S (ATHTE >99.0% )

WAL (] M >99.9% )

Ak b —
K5 (95% ) BRAE /10 =7 Ji) NACp(95% ) NIC/10 7
“10 n mile 20 n mile
i % “4 n mile 8 n mile 5n mile 308 m(7) 1n mile(5)
“2n mile 4 n mile
2 [X. “1n mile 2 n mile
3 n mile 171 m(8) 0.6 n mile(6)
LNAV *0.3 n mile 0.6 n mile
RNP( AR) “0.1n mile "0.1n mile 2.5n mile DPA 171 m(8) 0.2n mile(7)
LPV 16 m/4 m 40 m/50 m
2.5n mile DPA 171 m(8) 0.2n mile(7)
LPV-200 16 m/4m 40 m/35 m
GLS Cat-I 16 m/4 m 40 m/10 m
2.0n mile IPA 121 m(8) 0.2 n mile(7)
GLS Cat-III 16 m/2 m 40 m/10 m
R RGO X, T AT HR B2 B 170 5 (B T B2 W e —RNP AR 1% B S % R4

R BT e (B B T T I8 AT O s AR T O WY BT 5,6,7,8 ROR X RLAY NACp 44

25 M BIb 9] 114 2 36 0 W B AROF TR LA GNSS
{18 5 57 285 SRAE O W LA IR, DT 326 17 Bk GINSS
(B AT TR M BT, R 3 P
RNP iz 17 #LyE T B9 W5 0075 K 7T FIF ADS-B R
KB, Ho AR H AR 090K B2 NACp 5 58 4 1% NIC
f 45 B0 o A5 i 5 IR A E B — BT R 45 LY
TRAIL T T 3 S B b TR X TROMIL ) S R A

M5 3 o RNP S:fji i XL iz 17 Hbs,
XTREF RNP 0. 1 1) W5 032 17 H 45 0 i NACp=8,
NIC=7 (SERFPE KBS R 1077) o B4 N 4 35 45 1
LT 3 ANS5FR, FR ADS-B & A] FHY

1) NACp=8(EPU <185.3m),

2) NIC=7(HPL <370.4m)

3) SELFPE RS Ry 10 ™7 A AT I E A AT

4 H-ARAIM #j PBN #01 ADS-B [
R AT A

AT 24 PRI A9 ARATM 533k 1R fiE 32 22 %
ELIIER-= 1 D9 7SN VUMER.-=% - & I ER- 9] K () B S
DA K 0 e 22 25 T T A s e o e T R R
TR TR R @ R AT ], 75 ARAIM , fA
B ISM 5 B 2 11 A I8 R R A AR e M R
P /P o AU T EECH AT LA 20 A1 5 AN [R]
% 2 JRE T A 0%, AR SOREAE GPS HT BDS B J T
Xt AN [a) 9 2L A I A 5 AT O E e A o I R 2
SN YR I B3 Dy LATR T3 TG = 2 )/ 4 o) DX BE B R 2 5k
U, F2 SR04 T AR I b iR 22 e B Dy iR 22 5 P IX B
R 22 R I, E AR KRB (R E R
IR KRR IE R ) R WOHL B RS Y 22 AR B0

T FRL B AR A R A O B i RO B
S U % AR AT 3 0 B LS R iR 2 oy o T
UL, 3 F 20 R 4 L R 1) ARATM AR % /1N i
2 P TR AT & by DA T 412 135 56 i P g L S H
H At A 2 5 A R W

9 Y 4 T M 36 3IE A4 BT H-ARAIM 76 R [7] 45
BT 15 B KO 4 40 G K BT K R 9 PBN Al
ADS-BJS FHAT Y, % SC kLT LA R 7 15 5%
Fi 05 BRI
4.1 BERFEEH

BEE TR WA 5°, 48 5 min BUREEAT10 d
{9 {7 20, 4 BRI FBLFRI 43 5 x 5 225 B P I
F45 BL, % JH RTCA DO 229D T i 4 o, B J2 46
P OV 5% 2 A Y
Tlene = Tins + Oix + Tup + T (12)
P oo WNIEE S KGR s oo B B B0 R DT iR
EHEE ;o NERIRERE s 0, b3 2 ER
W 5 o 0 402 MWL IR 75 R 25 5 B2, 25 B4 Al
2 LR R AAD-B RIS A S
BB BSR4 R

x4 BEXRPFESHIEE

Table 4 Basic simulation parameter setting

28 W

2R 24 +35
& L1/E1 + B1/B2
URA/URE(GPS) 1/0.5
URA/URE(BDS) 1.5/0.75
brom 0.75
P awns/ P oacrs 1073
P onsmns” P oonsicrs 10°°
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K 24 FiR GPS FrFR A 35 i 2 BDS
B A R F LD + LS XUR J B1 + B2 XU
I GPS URA 2% ¥ 8 N 1, Ml URE X
0.5, XF BDS, A b3} i 23 [ 45 5 o il
FEiR 22 UER 1T 4 B /5 A1 # i 30% 1) URE 1§
0.5~1.0m,0.5m {7 K& 5 LiHRE X,
BDS URE 3 A& i% # 0.75m, #H i URA K
L.5m™ b SRR 22, BT 1% 25 455 8 B
BRI R 0.75 m " P/ P e 9 BDS/
GPS T A B B M 5, JE A BE N 10 5 P s/
P..crs N BDS/GPS 5 3 it i ME 3¢, JE AR (H 1%
10 7° k8 ARAIM I P43k

F 44T T H-ARAIM B35 KW S %
B, 2 BT BN SR W A S S B AR
P 4 2 o B T IB

PAIASC H-ARAIM PBN F1 ADS-B i F 7] F 4%
VEAG R G852 B0 s AE B, ) MATLAB b
I /P #2101 J 189 H-ARAIM )5 50°F- 65 51 4n
K 1R

U5 ELIF ][] B . URA/URE 280 280 A [+
J2 R P 7 DXl e A 45 R T AR 3R o oK i
A IEAT VR . A H KO B R BR X,
]93] 99.99% HPL .RNP 0. 1 7] f4: & ADS-B 7]
M.

Kl 1 H-ARAIM PBN H1 ADS-B 17 ] ] F M 3£l 2 1Hi
Fig. 1  Availability evaluation interface for H-ARAIM applications in PBN and ADS-B

4.2 EBEE/DEHESEZ TR
4.2.1 BAAHKE
ANTA] B AR/ T3 BRI S BN 3R 5 o,
D5 EAPAS AN [] B 3 5 B A e P, A0 T AR i
REAE R P XF H-ARAIM B33k 0 S H i 25 5 e
R FH A BTk 0 B2 o AR ARAIM. WG-C /)
P A CRABRM R 3) t, AT ARAIM iz 55 1%
RIS, B Bl 5 543 3 R 5 SR WL B L il
15 S AR AL A 5, LIRS = o 2 10 SRS =

R C B AL TR A B SR 2L i
AT L E 4 BRI S SRR L TR/ R R
MER R EWRS pim;iRe P, 155, P, JEK—
B P A B BDS K5, BDS TLE A
JAE AL R AR SR ) 1 R — A B O S 5L P A
A% GPS ik B HE R B M 10 77, BDS 2L R i
B R RSP o 10 77
4.2.2 AR

F6HAAF P, /P, IEFTHHEESR, N
Fo T LLEW, BMIERTARLS T 100% 7T H
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e, 8P, S P, EUERILTE 99. 9% HPL |
A5 ) J2 A B B4, 10 B X 28 2 00 H-ARAIM 1fif 75
AN B SRS R, RV 7R TR/ AR W e AR AR R
IR L 5 ,RNP 0. 1 Fi4x3k ADS-B i & 0] i,

B 2 f B OSE 1 B, Poune/Paces: 1077,
Poans 110 7 P s : 10 T FE 1 99. 9% HPL 4
koA K, i LA AR T 20 m /9 HPL 5045 JL-F
% F] 100%

®5 FAP, /P, ERHEASHEE

Table 5 Simulation parameter setting for

different P /P, cases
2 W
AR 24 +35
55 L1/El + B1/B2
URA/URE(GPS) 1/0.5
URA/URE(BDS) 1.5/0.75
brom 0.75
-5
%ﬁ,"l'}‘%‘/?; PsuBDS/P.\ul(;PS :10 B
P(‘nnslllDS/P(mlsIGPS :10
-5
Jﬂﬂﬁ P“‘m',%g.: P.\‘\lB])S/Pml(;PS :10 B
Pmnsums/Pcmm(;l’s :10
fis 5t 4 i P consicrs” Pagrs 110 -3
1Bk BDS 15 ' o 4
P(tmsll}US/PsAtBl)S :10
P nns/ P aucrs :10 -3
P 5 P onsipps 110 -
Pum\lcys :10 B
*6 A@EP,/P,. fR2HTEER
Table 6  Simulation result for different P /P cases
e 99.9% RNP 0.1 43Rk ADS-B
BATN 5 A :
HPL/m n] 4/ % n F 1/ %
el A 5 13.34 100 100
Bk P, 185 13.53 100 100
B4k BDS 1 & 13.81 100 100
S 5 14.93 100 100

4.3 EWHMERIREZ WIS
4.3.1 HAAREE

SRR Ge A [/ X B 5 25 ok R B E A
5 TR Bl 22 T B DR 22 R B E ARAIM 3403k
w2 Sk P I BEORS BE (URA) R0 P ) B i 22
(URE)2 NS4, S s EmET7
i

SCHR[21 ] % 6 2k & 40 19 4 48 B0 1 Ah R
AL 40% ] URE 76 1.0 ~2.0 m, B {f 7 1
&%, R T 5 BAE S o B S 5t BDS
URE & Jy 1.5 m, X} URA Jy 3 m; B {1k 1% 5
BDS URE ¥ % 3 m, B4 A% 5% ) URE # i
3m, X} % URA i% % 6 m, GPS K [A] 1% 5% URA/
URE & & 2% i) #6 f2% k(5] .

2 Iﬂi‘%i—% ’P\,nBTJF/PMnCPS‘jJ 10 - 7P(’un>'CPS%J
1077, P, cos 8 107°,99.9% HPL F F 543 i &

. s -5 -3
Fig.2 Realistic case, P ;ns/ P cps 110 77 5P vamns 11077,

P wops 210 -8 , 99.9% HPL as a function of user location
%7 A FE URA/URE BERHESHIEE
Table 7 Simulation parameter setting for
different URA/URE cases
28 B
SR 24 +35
{55 L1/L5 + B1/B2
brom 0.75
P s/ Pacrs 1073
P s/ P eonsicrs 10 2
Sl URA =1 m/URE =0.5 m(GPS)
URA =1.5m/URE =0.75 m(BDS)
URA =2.4 m/URE =2 m(GPS)
1% 5 A RS S

" URA =3m/URE =1.5m(BDS)

 URA =2.4 m/URE =2 m(GPS)
" URA =6 m/URE =3 m(BDS)

4.3.2 AR

MR8 FIE 3 {5 Ha /el LLE, W&
URA/URE S5 {8 i) 1 K ,99. 9% HPL 4 5B A &8
BERN, H URA/URE {88 A, 23R8 W) P 5
[ 99. 9% HPL 5% 2y g B2 j# K, 156 B 6F A ) H
SUMF , H-ARAIM 575 % URA/URE HA —E M
U (B AR AT g A 3 [ O 3 R R e R A4
PAE T PSS R b U 8] URA/URE R 23 Bk 52 i
H-ARAIM JH A 25 S W 0y F 0 e E R &

%8 A[F URA/URE BEEHELEER

Table 8 Simulation results for different

URA/URE cases

PR 99.9% RNP 0.1 4%k ADS-B
EATH R HPL/m A % AT/ %
SR 5% 13.34 100 100
S 23.71 100 100

1B 1k BDS 1% 5 36.43 100 100
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K3 3 FpAE URA Ef71H = T 99.9% HPL
Fig.3  99.9% HPL under three cases of
operation with different URA

4.3.3 URA/URE 5 P_ /P,

L 4 53 50 o AN R 38 4715 S b 90 S S 0 B
o 0 B P A N TR 2 DR/ T3 A e M R B S
15 s B, R J7 B0 Bl X URA/URE #5087
RS SO B B 4 B0 A5 R X AT
LI H,99.9% HPL fii URA/URE 78 4k 4 45 7 %%
IrEL, B K E SN A3 31 m; 1] 99. 9% HPL i
P /P . BB 53 A AH G S R KRR 3 B
20m A7, FRUMET P, /P, H-ARAIM Xt
URA/URE Z: 50 {8 51 A5UR%

4 X} URA/URE 5 P /P, W HURMERS
Fig.4 Comparison of sensitivity of

URA/URE and P_ /P,

4.4 EEZmITEH
4.4.1 BAAHEKE

£ xF 3 9 thJLFP GPS + BDS (1 2 s 4 4 i 17
BT A5 Z MR URA/URE (P 40s/Poces 55
HMWSHEESHRS PEARARE, HTXE
Jesk (14 AL Baj R AE W R X B A K4 T
REE et T A X R 3 R B R TR R
THIE 56 UE K M X HE 47 05 BLRN 45 340, 9 5
A ERA FLE5 R BEAT X AT o

nst

R FRAEEBREHRELER
Table 9 Simulation results for different

constellation configuration

99.9% RNPO0.1 4:¥ERADS-B V. K ADS-B

AT HPL/m AIJifE/% AT/ % T/ %
24GPS + 14BDS ~ 34.18 100 100
31GPS + 14BDS 34.02 100 100
23GPS + 13BDS
Bk MEO 34.61 100 100

oKk # B GEOL 46.41  98.35 99.96
¥ K% GEO3 40. 62 100 100
¥ GEOS 50.94  97.39 98.65
BB 1GS01 43.01  99.83 99.65
K 16502 44.64  99.65 99.65
24GPS +35BDS  13.21 100 100
31GPS +35BDS  13.19 100 100

4Bk 23GPS +34BDS
¥ GEOS 14.22 100 100
Bk MEO 14.86 100 100

4.4.2 AR

A by DR 4 Bk A7 EL I 2 75 B JRE TR R AR AR
24 Wi H) GPS BLEE 4y 5 35 i AL %) 42 Bk BDS
Ko 14 R 5 X 3% BDS 4 & WU JRE , Ho 35 2
BDS [y 5 v () b BR # 1E PLaE T3 A (GEO) R 4}
BEERIZE DA (1GSO) I R E IR MR T A X i
A2k (S R | o L A (MEO) 088 i 2 57
B I T AT S0 B4l A I HE O AN S 14 R
BDS JJj 45 i # 37 Ry BEF X 3k BDS 1) 520 £ 4 o

XK b KR A BR AR A BL T 3 Fh R A
e PRAR R R AL A N TR I L R AL A RS R —
RN EEAS

M3 ol 2 B SR R AR LA ROk E, it
S A 1l DX A 2 4 3K« 7E AR AR AR A 4 SR Al L FE
B R B AN S Ok BN SRS AT A
FR4R T 23 (6], HPL {8 s & 32 3010 90N s B B —
A1) GPS/BDS i 5t T, H-ARAIM 2 H: fiip 25 = fiil
WL FH B RT AR AT AE 95% LA L, BLAE 99. 9%
HPL A - 052 i 5 3% .

BB —MB RS, BT GPS Rk 24 i 2
AHE MEO LA, MK S ATLULEH GPS AT
S 2 A H AR B AT SR A AR ST L TR K
ik 10d, 806k GPS Jy i B HLAL B — 5 MEO T &
XFF BDS B i, 41 4 MEO ,GEO . IGSO 3 Fh i
TR BB AN TR i B 18 TR A5 ) 5 1 B 45 SR AT A
Z5 e HEX T WK X, BBk BDS AR A #L
WUREFES R 2SR S, Wl 6 X ik
JesF B R AEBE AT L E WA R A HE T
SRS BR XA T SOR TR i 20 mr 0 A 5 0
T L] 235 ¥4 8 A 5% 10
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K5 GPS B F MLk
Fig.5 Ground track of satellite for GPS

Kl 6 X BDS & F AT
Fig.6  Ground track of satellite for regional BDS

29 ol LA i, BDS B ER KB MEO T &
i,99.9% HPL K n] H M 3 5 2 2 5% ) ; BDS %
I8 2 Fh R 6] 47 B Y 1GSO TR I, 200 5B & — B i,
99.9% HPL 3§ hnig B 24 10 m Z A7, o] FHHEA e &
B A5k 99.5% L) I+ s BDS B BR N [F ) GEO T &
B R Z R R EE 6 FE T RR S W
GEO T i VG BN AR WP AR Ik 4 5 R 1.2.3
4.5 5505£9 555 B BB GEOS B Xf 99.9%
HPL F1A] P 5% i e K

HW -, GEOS i J&] [l ] Uil 21 (% H: Ath
TR BT B B, T LAY BDS B Bk GEOS B, i
VK 1 DX AR 22 FH P s 9 1B LI LA S5 44 A
A, NI 52 W H-ARAIM PERE ., h T i — 22 4
B B B AN ] T3 B ot 1T A T2 SO0 00 JLAnf 235 ) 1)
SEMR R TN [R5 P S [R] B 20 9 T 7% 5 R
B J5 H-ARAIM F 4 o] HI Mk 23 KR T B, A< SCxd
ARAIM B3 i SG B LA T 30— 2B 5% o

BDS £ [ GEOS 7 K b X FH ;' () RNP 0. 1
Al PR 7 B os, A 97.39% 1) TSE %4 /N T
0.1n mile, BI RNP 0.1 F Fraf Fi ¥k 97.39% .,
4.4.3 H-ARAIM %4 2

TE ARAIM HI g At B X — 2, %
FHEE A A] 0 B 0 6 R 2F A7 0 A SRR SGTHEEL,
I T A5 SR A T L X FH P RN AT D B A 3 ] L el
SR A ALK . TE AL R g, AR BE I

K7 BDS %k GEOS5 Hf RNP 0.1 1] f 4
Fig.7 RNP 0.1 availability when BDS removes GEOS

- (GDOP) m] Fj T2 AE I P ] Ul &L 75 25 6] JL i
SYAR BIEFIR, GDOP f/s b B I %0 FH P 5 7T L A
{1425 8] JLAw] 53 A R 4

AR5 38 0 43 AT — R X GDOP Ay 5% i,
5 H-ARAIM ] i SC 8 506 % 1 102 8% bR i
RYERERIR N LLi 75 22 2% 18 A — 0 12 %
GDOP [ 52 M o 5 U3 @ 8 1L X GDOP ) 51 ik
£l

T
AGL. = trace( M)

S (13)
G, =H H, H, Jy m 5T 5 0
FiFE h, =[e, e, es 15 i AR MM K
;8. =1-h,G h;, AG #KFERE GDOP /)
HYBOR 2 AG AR KR TR R BR e A 15, o B
) 55 0 o B e Y LRI AL G AR AR G R ORI
TRE B X AERg LR E SOy ARAIM RGECHER
K 4401 PO R HE X RS B — R RN IR
R A P AL b SC B A, LA SR N6 10 s,
®10 BREABEMNGELER

Table 10  Simulation results when

removes key satellites

U 99.9% RNPO.1  if K ADS-B
BATIE & )
HPL/m af P/ % TR/ %
24GPS +14BDS 34.18 100 100
31GPS +14BDS 34.02 100 100
GPS + BDS:GDOP 65.51 06 9774
Hr AR 2 A ’ ’

B D0 N N R o ] BT i i M N M
Mg Bl & XF GDOP % 53 ik , I H 88 B X} GDOP
UMk KA 2 DR i, O B Ah SR AR 2
99.9% HPLE Jin g B 32 m 2 47, ] F Pk B K
| 96% .

5 & i

FT UL EX T4 Flis 471 5 F 59 H-ARAIM
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JH PBN il ADS-B i I 9 K & M e o T 6 B L 78
GPS + BDS XU JETF :

1) P, /P, AZ0 H-ARAIM 575 14 fg
KSR, P, /P, 8% HPL 224 L 64 A
0.1% 7245, %} PBN F1 ADS-B A ¥ TC 51

2) M#F P /P, H-ARAIM %} URA/URE
ZRCE UK, R 19 URA/URE i 23 %F HPL 4%
A WY S B 25 1 BRI OE 1 99. 9% HPL [ Rk
WL R 3 R 20 m A2 7

3) TERRFR AL R AL A B AL b AR TR A
AN S AR A AN 0 B g5, AT R A PR S
HPL {8 1 2R Wl /) ; # Bk — 1 &2 1) GPS/BDS I 5t
T, H-ARAIM K LA 25 St W 00 02 R iy ] 4TS
TE 95% L I {H{E HPL A L (%) 52 & 3 | 5 25 i)
HPL {3 K 20 m £ 45 .

4) X}F BDS, BB A [F #LiE 10 & & % HPL
JH PBN Fl ADS-B i FH AT FH 4 245 5 5% i oK [] 5 38
I EOUL Y B R s o A, B R Y 1R R 3 9
AR, W47 45 R 5 e B OK, B 22 B HPL 3% K
20 m, Af FHYEREAR 2 97 % o i 24 3 1 i B 40 8 v
BRI X GDOP i) o7 ik I S i FL e B B 2 i
X GDOP 5 ik £ A 0 052 B, 4% SR B J A 2%
HPL $hRFR 5L T B IS K 30 m 2245, A) FH P 4k
SLRFE 1% X R AR R TR P8 T A
LI TLART 45 #) 52 el d5c K o

2t & BDS ¥k R4 Ml Galileo R & 8% 5 it
J& Ak TAE T 5 B2 A PE Al DU R A% O 2L AR 3K
Ty H-ARAIM JI}Z 55 7 G &% H: PBN F1 ADS-B Jij
FHAT PR K o
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Abstract: Horizontal-advanced receiver autonomous integrity monitoring ( H-ARAIM ) is a new type of
airborne autonomous satellite navigation integrity monitoring technology developed in the United States and Eu-
rope. In view of performance based navigation (PBN) and automatic dependent surveillance-broadcast ( ADS-
B) application methods of H-ARAIM and based on the global position system ( GPS) and our own BeiDou
navigation satellite system ( BDS) combination system, different constellation/satellite failure probabilities,
different satellite clock and ephemeris error configurations and different constellation configurations have been
considered, and then the availability of PBN and ADS-B of H-ARAIM was assessed. The results show that the
change of constellation/satellite failure probability has little impact on the results of horizontal protection level
(HPL) , which is less than 0. 1% . Both PBN and ADS-B can achieve 100% availability globally. The change
of satellite clock and ephemeris configuration can lead to large variation of HPL with the maximum reaching
20 m. But there is no significant influence on PBN and ADS-B availability. Different constellation configura-
tions have significant impact on average 99.9% HPL of the Asia-Pacific region and the world, as well as PBN
and ADS-B availability. Variations in HPL reach 32 m. Availability varies with different constellation configu-
rations, and the worst can be reduced to 96% . The results obtained can provide a solid theoretical reference
and reliable technical support for the application of BeiDou civil aviation.
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VAV [ 5, 0 2 49 M 2 B s o gl
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Fig. 1  Structural schematic diagram of EHA system
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Fig.2 EHA structure diagram with feedback loops
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Fig.3 GO-FLOW chart of solving feedback loops
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K4 EHA REH GO-FLOW K
Fig.4 GO-FLOW chart of EHA system
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Table 1 Operator data of EHA system

Gii 2 A 28 xR

1 25 R(1) =0,R(t) =1(t#1) R

2 25 R(1) =0,R(t) =1(1%1) EHESES
3 25 R(2) =1,R(1) =0(1##2) BALETE S
4 25 R(3) =1,R(t) =0(t#3) Rz 55
5 25 R(4) =300h,R(1) =0(t=4) W} [EF[FEE S

23 25 R(1) =0,R(1) =1(1#1) MRS
. 51 35 P, =0.9999979, .
’ T X =2.1x10"%h
P,=12.0x107°,
8,9 26,35 P, =0.9999730, HLHL
A=15.0x10"%/h
10,11 30 5171
23 2135 Le=0 9999995, 3o 1L
’ T 1=0.5x10"%/h -
16,17 21,35 Le=0 9999993, JE 1 IR B8
’ T A=0.5x10"%/h ’
18 22 Eq|
P, =0.0,P, =0.9999880, )
19,20 26,35 " - x®
A=12.0x10"°/h
21,24,30 21 P, =0.9999988 EAGL|
22,25,31 35 A=1.27x10"%/h B[] 5]
26,32 21 P, =0.9999920 o g e
27,33 35 A=8.0x10"%/h o Uk A%
28,34 21 P, =0.9999962 ]
29,35 35 A=3.8x10"°/h LA

36,37 30 511
P, =0.9999996,

38,39 21,35 .
A=0.4%x10"°/h

Yzl

PEATER 1B (55 6 f19 REiIMiaES, K
HAE S 18 3 Ny
Ly () « 17, (1)
I,(t) « L, (1)
1,,(1) =0.00000,7,,(2) =0.99997
1,,(3) =0.99997 ,1,(4) =0.99548
2) {55 36: 511
L (1) =1, (1) « Iy(t) = Ly(t) « Iy (1) /15 (1)
(11)
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I, (1) =0.00000,7,,(2) =0.999 83
1,,(3) =0.99983,7,,(4) =0.99202
3) {5~ 38
[ss(t)zlw(z)'Pg (12)
I,(1) =0.00000,7,,(2) =0.00000
1,,(3) =0.99979,1,,(4) =0.983 60
4) {550t 39
Lo(t) =1 (1) -
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\ (13)
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1, (1) = 1,(1) = 0.00000
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H kI, (4) =300.0,75 5
Ly (4)=l,(4) - exp( —2AL,(4) x1.0) =0.98348
P AR SR 45 2] T EHA R Gk i
RS 22,36 .39 75 Fr A I ] s A8 5, W3R 2 B o
®2 EHA ZEHHESHEE
Table 2 Output signal intensity of EHA system

i 1 7 2% I (1) A5 B

BIERE BAERE
22 35 0.00000 0.00000 0.99996 0.99151
36 30 0.00000 0.99983 0.99983 0.99202
39 35 0.00000 0.00000 0.99979 0.98348

3 5GO0 i

A GO k73 #r bik EHA R 5, [F Kb, AR
W R G IR, GO WA N4 AE A7 328 R G
8, GO JE A5 5 i 7% £ G0 1 g A F0 i s LA
PRI SCHK , I LT 2. 1 99 SR i S A5t 2 19 7
%, RS GO BEALANE S FR .

K5 EHA 2% GO &
Fig.5 GO chart of EHA system
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Table 3 Output signal intensity of EHA

system at each time point

(ERex: 14
5[] /h

BAEAT 22 BAEAT 36 BAEAT 39
0 0.999 96 0.99983 0.99979
50 0.998 55 0.998 52 0.99705
100 0.99713 0.99722 0.99432
150 0.99573 0.99592 0.99160
200 0.99432 0.99462 0.98889
250 0.99292 0.99332 0.98618
300 0.99151 0.99202 0.98348

Kl 6 EHA Z % n] 45 i A fb ML
Fig. 6 System reliability changing rule of EHA
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Application of GO-FLOW methodology in reliability analysis of aircraft EHA
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Abstract: The GO-FLOW methodology is applied in the reliability analysis of aircraft electro-hydrostatic
actuator (EHA). Firstly, based on the reasonable division of unit function, GO-FLOW reliability analysis
model of EHA was established. In order to solve the difficult problem that GO-FLOW chart cannot contain
feedback loops, Boolean algebra was used to solve the Boolean equations that describe the feedback loops.
Secondly, the GO-FLOW calculation was finished and the system reliability at each time point was obtained.
Thirdly, compared with the results of GO methodology, the feasibility and accuracy of GO-FLOW methodology
were clearly verified. Finally, the system reliability changing rule with time was obtained through the
MATLAB curve fitting so that the system can be repaired and maintained timely. The results show that the GO-
FLOW methodology can easily obtain the system reliability at each time point with only one operation and has
more advantages than GO methodology in reducing computational complexity.
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Table 1 Geometry and material performance parameters

of piezoelectric cantilever and piezoelectric patch

HE

28
B ] A JEHL J (PZT-5)

K/mm 533 60

&/ mm 30 30

1/ mm 5 0.5
BRHERE R/ GPa 7 o
HEE/NNE 0.3 0.35
W/ (kg -m ™) 2700 7500
[ERLH R es/ (C-m ™) -11.27
HL 25 /nF 139

B3 5 AME ST ) R TR - A R AR 2k
Fig.3  Output voltage versus excitation

frequency curve with given load
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Simulation and test verification of piezoelectric cantilever
vibration energy harvester
SI Jianhang' , DAI Yuting"* , YANG Song', WANG Chaolei’, WANG Ruoqin', YANG Chao'

(1. School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. Key Laboratory of Aerospace Simulation, Beijing Simulation Center, Beijing 100854, China)

Abstract: Piezoelectric ceramic vibration energy harvester has attracted great attention for its simple
structure, environment protection, easy miniaturization and other advantages. According to piezoelectric
effect, a double-coupled distributed parameter model was established using mode method by combination of
electromechanical theory and structural dynamics theory. Simulation analysis of effect of excitation frequency
and load on output voltage of piezoelectric energy harvester was performed. Al-cantilever energy harvester was
made to perform ground vibration and energy harvesting test. The experimental results are in good agreement
with the numerical simulation, which verifies the correctness of theoretical modeling. Experimental results
show that the max voltage output of a single piezoelectric patch is 73 V/N.
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Fig.1 Schematic diagram of experimental system



1280 G| AN T Nl N = 4

2017 4

P2 PR Se IR m 2 . AR A iy 12 7
PR R B DL R 2 LA HE 2 A R Y R R
FHER PR A vl b, For i 2 8tk 1 fros . =8 W)
i 1o 22 FLAFAE 0 28 FL b 2 T R . 3 O

K2 R s 2
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Table 1 Parameters of lithium titanate battery
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Fig.3 Integrated thermal management system based on

phase change material
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Fig.5 Maximum temperature rise of battery under

thermal management of pure air cooling
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Fig. 8 Changing curves of battery heat generation power
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Fig. 9 Comparison of battery temperature rise between

model calculation results and experimental results

3.4 BERAHEEZMEER

MR 25 A $E B R 40T T AR R DL R 3 &%
A R TR ) R SRR T A B
RN Z A0 SR R AR A AR IR R
Tk R b ) U T D B 5 A PR R G 1 X
it A P

F b A 7 R A PR O R A AR IR TR R — 3L
BN, B0 R T, =35 Cif, B ERR T, .
HARXT R TO0 T Ml it s . 451k,
WG IR 35 C M e i 2 48.9 °C Bl
46 R EE 38, E T AR U [R) R P o e IR
HrBE 5 24400 B TR RS A B 46 °C, H ik B b A
VI B R (55 °C) |, ik — 25 38 hn ) 46 e B2 A
Sy 3 50 it R T ) ek T R v, A R [

P10 I [R] 0 iR T v R R
Fig. 10 Battery temperature change at

different initial temperatures

SRS =R = D (= N S | = €9 K R 7 F 0
Fe o, NS AT B kG 4R IR A e R A BR A 1R
RN 46 C

FHAR/ WS 25 6 IV B R 0 vp S 3 A BHL LA 2
AFZE B A IR A 3 R v 11 AR L2 R i) L Sl VL T
RePEr) 2 AN EEINESE B 11 R R A 34
FHS S IAREH T, st 7R A fb it 2k . 45
N, BTG 00 FABH A B 5 $A A BE 7T D i S PG R
b A e U BE o R X i PABE R AR R 2. 03 K/ W,
PR YL P I 3 AN i v R Dy 48 °C, HL Tt T A
Wb FROFARRA . Y S IABHRE TR 1. 85 K/
W, HL T (L AL T AT AR e iR o 52 C,
2 R TOLT R P AR e R BE /N T R R AR IR
JE(55 C) o B, X B /N F 2. 03 K/W 5§
SHGABH /N T 1. 85 K/W B, 254 38 B 0] A &%
P 415 e Tt 3 A T A IR R L

12 AR 35°CHE T, AR A iR
JEE T Rt I T RS, R 3 AN A AR IR A R
&2 B R IE+ e VIE e . ke Ry AR AR
TREE o DNZESE AT LU HhAH AR R B R, Rt B v

FLL AN TR) A BELT A i 32 A Ak
Fig. 11  Battery temperature change at

different thermal resistance
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Temperature rise characteristic of lithium battery integrated thermal
management system combining phase change materials with air cooling

SHI Shang', YU Jianzu"*, XIE Yonggi', GAO Hongxia', LI Ming’

(1. School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. Tangshan Railway Vehicle Co. , Ltd. , Tangshan 063035, China)

Abstract: A large amount of heat inside the lithium battery must be dissipated to ensure the safety of the
battery by using high efficiency thermal management system ( TMS) at high charging/discharging rates. A
newly designed TMS integrating phase change material with air cooling was designed and its temperature rise
characteristic was investigated theoretically and experimentally. Based on the lumped parameter method and
the heat transfer mechanism, the mathematical models of temperature rise and heat generation power were
developed for the battery. The battery heat generation power was calculated. The key parameters of ambient
temperature, initial temperature, phase change temperature, convective resistance and conductive resistance
between the battery and the phase change material affecting the performance of the integrated TMS were
analyzed. The results indicate that the performance of the integrated TMS is superior to the pure air cooling
system. In the non-steady process of temperature rise during charging and discharging, the higher initial
temperature easily causes the battery to exceed the safe temperature. The mathematical model of the battery
temperature field can accurately describe the battery temperature rise characteristic. At high ambient tempera-
ture, the maximum temperature rise of battery declined, but it may cause the maximum temperature to exceed
the safe temperature. The higher phase change temperature is, the lower battery maximum temperature rise is.
Reducing conductive resistance or convective resistance can significantly improve the performance of the TMS.

Keywords: lithium battery; integrated thermal management; phase change material; air cooling; tem-

perature rise characteristic
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