I

ISSN 1001-5965
CODEN BHHDES

2016-04

Vol.42 No.4


Administrator
赠阅


T L % LR K e

BA2 % %4H (BE278H) 2016 £ 4 F M (3]

= /N

% IR SR AR ) TR Y B O SR AT e XA, 2EAS, ABK, KA
BT AR R RIEHT E SN TI5 ke 22808, RS, ZM, RR R, 49
ERRGERRE R IR TSI RFEIINT oeeeeeeeereeeee e TORGT R ALAL, XA L
RO IR TR ANLAR N B B BRI L e BRRAE, RE, BFE, 5
WA Bl A AR TE PRI B AT e AR TR, RV H
i A R AE A SRR B L AR A SR oo v MG, R KB, TRE R, P OB, SRR
ML B A S SN G U A B e R, BRM, RRARK, T K
5 1) 28 M R SE IR A PR S PR oo R, R R, BRI
HT (55 W A 19 DOMSCMG HEZRAA IR B Gi R JT 1 <o veevvneemmmemneenmneneeenn 25 3ok [k
ST AL 3| T U LR R AE TR B0k v JL3E, Wk, R W, A
MIMO {5 55 U (320 AR S0 HUR B BERE R +oooveee oo 23K K, 4
SEF LA P2P AT U S5 bl R 28 2 B ee e e e W F e, KRBT
TINE T T [ IREE B GEMFIE  coveevvrerrvreeeenneenneens S RFE, THL, A 2N, LFE
TR T ] T A B S A B0 B A T H o ve oo veneeeeeneeeee T 00, REABA, XM, T &, £ AHK
Gt oot T 52 A bR AR BB B T LERERE -oooveoeeoe oo BORA, R &K, B30
TSR RAAL A BB B AMRE T HE v eee e B 4R, I AR
R A R EL T AL AEERPE e e e @R R4S
T 1) 22 B 1) JE AHUEY B FLARBR B W BT oo oe oo eossos oo ARBR I, 4R35 3F, A B
AT E BB R I IE oo SNBRE, 48, R, KRB R, EER, G
R RO A I T R UE IR M oo RRE BEW, £MH
BE T fE 5. WENO-[B] it Galerkin Y Euler J5#2 H & W IFH -veeeeeeereees XFH, L5098, XY
SR AR T B S L T R T SR RG AT e X BRAR, B KR
SN R AE B AR B BRI coeeve e eeemn e eee e e JRBRIR A E, B4, HR 4
BT AT S 15 20 BT 0 25 ) BRI B AR AR Iy e e e U, AT R AEAT, ARERAK, B AR
H TP R BRI AT E PRI AR ceovvre e B W, AR
BT MDP (2B SR A 7 oeveeeeeereeeeee e AR WA, RiEH, BB, £
JF Bayesian-MCMC {1 9B 5 KHL RCS BEAIRAL - vvveevmom oo RNE, B R, B
Z AR B A MHUE BEPLIR S5 5 0K A BYPPAG -oeeveeees B ER, 2R F, EEK, ML

HAFIEARSEH . CN11-2625/V % 1956 % m = A4 5 226 % zh = P % ¥ 20. 00 * 900 = 28 = 2016-04

(/% B £ » K @ HEL F & KKE #» F)

(639)
(646)
(654)
(662)
(669)
(677)
(685)
(694)
(703)
(711)
(718)
(728)
(737)
(745)
(751)
(762)
(772)
(780)
(789)
(796)
(806)
(815)
(821)
(829)
(837)
(844)
(851)
(858)


Administrator
赠阅


JOURNAL OF BEIJING UNIVERSITY OF
AERONAUTICS AND ASTRONAUTICS

Vol.42 No.4  (Sum 278)  April 2016

CONTENTS

Hardware-in-the-loop simulation method and influence analysis of missiles considering body elasticity
- LIU Li, WANG Yansong, ZHOU Sida, ZHANG Wulong
Method of face gear grmdmg honing machining based on aviation environment
- WANG Yanzhong, ZHAO Hongpu, LAN Zhou, HOU Liangwei, ZHONG Yang
Dynamic pressure characteristics analysis for double-cavity model of air system
- DING Shuiting, CHE Weiwei, LIU Chuankai
Kinematics modeling and simulation of seed implantation robot for prostate tumors
- ZHANG Yongde, LIANG Yi, BI Jintao, XU Yong
Chattering-free shdmg mode guidance law with impact angle constraint
- ZHOU Weidong, CHEN Yankui, XIONG Shaofeng
Carbon nanotubes thin film sensor and characterization of its strain sensing
- NIE Peng, ZHANG Daguo, CHEN Yanhai, LU Shaowei, HAN Jiao
Integrated physiological model for mental workload assessment and prediction of aircraft flight deck display interface
- LU Kun, WEI Zongmin, ZHUANG Damin, WANYAN Xiaoru
Propertle% of pendulum motion of tether tugglng sy%lem and its stable control
e R R . - ZHAO Guowei, ZHANG Xingmin, TANG Bin, SUN Liang
Adaptlve back%tepplng control method used in DCMSGMG glmbal Servo syslem
. . . - LI Haitao, YAN Bin
Network selection algorlthm based on cell attractor selection scheme
- XIA Haiying, ZENG Cheng, CAI Fengtian, ZHOU Wei
Output-feedback sliding mode control for MIMO affine extremum seeking systems
. ZUO Bin, ZHANG Lei, LI Jing
Alliance algorithm of converging feedback network on P2P real-time media streaming
- SHEN Mengru, ZHANG Jinyu
Research on automatic tracking system for directional antenna of UAV
- ZHA Changliu, DING Xilun, YU Yushu, WANG Xueqiang
Dynamic strength valuation method of pipeline structures under preload
- WANG Shuai, ZHANG Mingming, LIU Zhen, JIA Liang, RONG Kelin
Damage resistance property of stiffened composite panels under low-velocity impact
- JI Zhaojie, GUAN Zhidong, LI Zengshan
A full-resolution motion compensation method used for real-time digital image stabilization
- ZHAI Bo, ZHENG Jin, WANG Yue
Performance characteristics of single rotor compound helicopter
- CAO Fei, CHEN Ming
Intelligent target following strategy design for UAV against multi-threats
- QI Xiaoming, WEI Ruixuan, ZHOU Kai
Motion parameters estimation method of single walking human
- SUN Zhongsheng, WANG Jun, SUN Jinping, ZHANG Yaotian, YUAN Changshun, XIANG Hong
An efficient method for estimating various variance-based sensitivity indices
- YUN Wanying, LYU Zhenzhou, MU Shanshan
Adaptive simple WENO limiter-discontinuous Galerkin method for Euler equations
- WU Zeyan, WANG Lifeng, WU Zhe
Reliability robust design of tracked vehicle torque axis with multiple failure modes
- LIU Zhe, TAO Fenghe, JIA Changzhi
Added mass of trans-media moving object
- ZHANG Xiaoqiang, FENG Jinfu, LIN Ke, HU Junhua
Gap filling method for space environment data based on singular spectrum analysis
- LIU Shuai, LI Zhi, GONG Jiancun, LIN Ruilin, MA Zhihao
Frequency measurement of wing-tip vortex inslabilily by flow visualization
RIS - XUE Dong, PAN Chong, LI Guangchao
Dlagnnsllc %tralegy bu1ld1ng method based on MDP
- LIANG Yajun, XIAO Mingqing, SONG Haifang, YANG Zhao, LIANG Peng
Opllmlzallon on stealth aircraft RCS models using Bayesian-MCMC estimation
- DAI Xiaoxia, CAO Chen, FENG Yuan
Estimation of space manipulator random vibration signals with poor information based on grey bootstrap method

- WANG Qiyue, WANG Zhongyu, WANG Yanqing, YAO Zhenjian

(639)
(646)
(654)
(662)
(669)
(677)
(685)
(694)
(703)
(711)
(718)
(728)
(737)
(745)
(751)
(762)
(772)
(780)
(789)
(796)
(806)
(815)
(821)
(829)
(837)
(844)
(851)

(858)


Administrator
赠阅


2016 4 4 H
$424 4

tEMEMRKEFR

Journal of Beijing University of Aeronautics and Astronautics

April 2016
Vol.42 No. 4

http: // bhxb. buaa. edu. ¢n
DOI. 10. 13700/j. bh. 1001-5965.2015. 0245

jbuaa@ buaa. edu. cn

Z e SR EYIBFE A ES o
WA, EEA, HEK KR A
B4 i

-
ﬁ (L. JEmE TR TR, Jbat 1000815 2. MK AS(F A E LK E LAty , JL5t 100854)

i E-MAEMSHAREMEREFHREXRNOREG , BUERELCR IR TESD
MERITFATABEEF, RERDIF TSRO ITHEMEHARE 2R ANEH., B
M, AN MRS HATLPEGEN, FRREBRERD T AN, A TREGTEN
HEE AXRETHERBABRBN SR O N FEFGTEER, AL THREKRSHLY
BHRARAGATTHRFERN LATFWEX N ) FEBARFHEERFHERE —
B E FELER ET T RERIFGREESERUERS R YEGFGEA TN 0, HE
BTEERXA FARERTUNZRBEREN SRS YEG ARG — b A,

X B W RRHLFE; WY BFGRE; FWEGE; KedhF

hE SRS V219
N akFRINAD . A

S gy B LR — P 7 S 45 B 2R T o 45
SRR G AP S RIOR = s NI i B SE 7/ B2 K
B, T L% AR B A T AT R TR R
FWFFE AR . A58 i 5 302y B84 20386 3 LRI A
By Jy 2 Sy S, 2 T A S R S B R X
TR K AR LS, d T RS 3 IR
RS N MER REZ WS, S
TRAT U R A RORG R A E — o 0 R, B
A 4 LA BT S R R ORI 2 B R &L T
B, X 3P A S 3 AT 2 ) B B B
£ 1 B 3 2 R T RE X 07 L A — RE R
DRIt , o 3 A S 980 47 2 4 B0 L ), 2 B
B IR 30 10 B W, B AT — S I G T SRR
18 .

[ P A0 G T 30 P R B % KK AR P B R AT A
PERIE I E 248 T W IR AR BISE, Beal'' f4 &
sifL ] A B TE 2 S G 4 D B 2 A0 R, BT T
TE 5 R b 7 65 B0 H 1 ALK AR L X &

XEHS: 1001-5965(2016)04-0639-07

G YRR ; E R BRI T O RK AR L B
SR SRS il A Bl 7 2 R R AT BR TR R, 43 A
TRAR BE R 4 S B0 P A I 04 5 0 5 A
RIS R R 23 500 ) F 4 A B3 A< sh S 80y
PP E T SR E w A, IR SR s A
I et R T B R A B SR AT T A AT 5 9V R
P R A B B R Ak N E 9T AT T 45 A
R A A S IR S AT T S I
28 52 30T R BRI 48 i HEAT T BB L Bt
Sy s Du 2SS T SO R (Y B0 ) R R
AT T AT o (H R T S e A
Py B AT B P 2B T R A Ok 1 52 ) H1AR D v
Feo AR SORE R 25 5 380 0 38 1) S 8 2 ) B )
LTV B ST M R S K ) BT B B A
S I A T 3 R S 31 B2y R
24 B {7 B ASE AL 3E AT 47 LG L, 43 BT T R
B R £ 2 ) 2 e M TR S R S o ) 3 0
SREOR- A0

W B 2015-04-21; EABH: 2015-06-05; P4 HRRATIE : 2015-06-16 14 .43
W 2% H R # 2k . www. enki. net/kems/detail /11.2625. V.20150616. 1443. 001 . html

ESTE: HEEAI0EIL4 (91400600205130C60)
* BI{EE . Tel. : 010-68914534  E-mail: liuli@ bit. edu. cn

Sl MA, 0, AESX, & LTEBEBEUHEESIYWEGATFESHHAN] XFEMEMXAFFH],2016,42(4):
639-645. LIU L, WANG Y S, ZHOU S D, et al. Hardware-in-the-loop simulation method and influence analysis of missiles con-
sidering body elasticity [J ]. Journal of Beijing University of Aeronautics and Astronautics , 2016 , 42 (4 ) : 639- 645 (in Chinese ).


Administrator
全文下载

http://www.cnki.net/kcms/detail/11.2625.V.20150616.1443.001.html

640 | R I N N = < 4

2016 4F

1 SRS R E

1.1 SERKREMRER
N T AE T A T R A A R R Yz g, E IR
YEZH R Oxyz IR S % 2 O, x,y,2, 73 5 A0IET 1
iR BESH R A O BUTE S 3R 55 a5, Ox
5 K SR T AR YD ELAR ) B AR5 [, Oy RhaE T
HuTEr , LA ORI, Oz Bl 5 T Oxy P18, HJ5 17
W44 T W E . BIESHEREM 0, i T
T, Ox, Bl TR EE S HLAR Wk Ty
], 0.y, MIfE TR m X RPN HEE T O,
W, Horm LA m B R IE, 0,z BT BT Oyx,y, F
T, 5 1) ¥ A7 T W o
ARARRCRLAA (8, y) ™, AT LAH & Sk 2 %
FAXN THUE S R A 5B
o 0 0 o
C<B|1>=@ cosy sin'yEl
L]

—siny cosy

eosd sind O gosyy 0 - sing
H sin® cosd O Ho 1 o H)
Lo 0 ll:lqm(// 0 cosy s

it':'j :C<B ‘ Iy ﬂ‘jIEigiE%’EI]C“‘B):C(B]‘ Iy :CI‘B‘U o

K1 ZHRRGE

Fig. 1 Reference coordinate systems

1.2 ZhhEHE
SfPE A 5 L TE 25 (8] H Y A2 B A 4 K LT
By SRR ) 5 S RN SR AR B, A SCHR[9-10 ] Sy
SRR R 3 2 R . A E TR S
5 R 5 U MR
my=F_ - mav
Jo=M, - & Jo (2)
Mi=®'D, -Cq-Kgq
AP om O TR R A 5 J O 5 A 15 K
Bsv=[v, v, v] llo=lo, o o] 57
J G AR AE AR 225 RN W 3l 3R RN 5L B A
JE, ¢~ T RN 2 ok ORI q N
SR IR Bl B AS A b 5 @ Ay AR 114 A5 S R AR 1)
oy itk s F M 3500 O 5 55 BT 32 3 1Y 5 A1 g

SN D, e R hy S 3 Wl 0 4 7 1 KL
T e SR 4k 0 AT, T A T
LSRR M, C, R K, 43R R R i
S BELJE 4 P O I 25 720 W 45 R BELJE )
C,=0).

(OUTCY WP SIPIE SR DI
ey, B
{F9x=c<3,>mg +F, +F

t

3
M.=M, +M @

Arfr:g=[0 -g O0]" ABHSHERTWED
TR F R M, 5350 D A T AE S5 64 4 ) A
5, HA

o PO o 0 O
F = EP(D;E)q U m-Hpe!" g (4)
LL pepl g Lrel g

Horh P Sy R SHLAE ST e R S o i A
B U1 @ 5y 317 A, 7 R =,
D5 0] PRS2SR AU 1) 2 3 it

F M, 5350 05 25 8 J1 s sl 1, &
5 R BB BT AR 30 5 Y A W A sh 3
fif o For, B WS B A

Fo=[-c ¢ ¢]10S
{ ) (5)
m, ] QSb

K :Q R E;S H b 435l 55 2 2% T
SR ¢, vey T e, o000 5 55000 b 1 3%
fi) AU i) S 3h T3 R B s mey, om, B m 53 5 2 5 56
(3 Ak O 1) B O R R B, AU 1 RO )
IR G T RL N R INE Y 5 & ()
PR

SPEYR 3h 51 A A 2 B s o n] R
B SR EELAUAE T 0l T H A, b s B B AR E R
B Syl B AR R e T B K R
ENOE R IS

M, = [ - m,, Mm,,

oy Ve[,
AF_p“(5+V“‘£)[‘( )(E)t e 6x)] (6)
Krhp, AEEE;V, HFREE s (x) BT
S8R T T AR 5w S SR S

é\

2
CueD=paL[an(S P L35, aq)’)q +

2o+
ox ox ox
B )i+ swi (7)
dx dx
XS =diag(s,,s,,,s,),s, WHITT n 11 #H
WAL = diag (Ax, , Ax,, -+, Ax, ) ,Ax, NI n
M s @, SRR v, J7 1) A A A IR T 1 °F B0 4

Vm(zs



54 1

XU, 55 25 1 A SE P Y 5 980 0 B 7 9 5 R W 03 641

B D0 S g A 1) - T PN B AR 2 RS ]
2 1A A == R 3 1 73 Sl ok

Fopi,=C,Cop
[Mam,l,fpoca.,n (8)
Q.v.i=®,C,,

Ad.C,=(1,1,,1),n 4 1;p, = (%,,%,, ",
x,),x, HHITH x, J5 1 A HR

[F) 2 AT A5 20 ) ) S m N R AR E H U sh
Fop NS M,,  FEEEETEN T Qupino
UGB gl i E (S e SR E ¥ i)

FaoD,L = (OyFa(-,n,L,y ’ acr),L,z)
[MueD,L: (O,MueD,L,,’MueD,L,.-)T (9)

QaeD,I, = QaeD,I,,l + Q eD,L,2
X T 3 A T, ph g
A AT AR RS R FR 53 R
@ @'V

AR I 5 A R

|

= : g (10)
%’__ ox 7 qu

|

ox = 0x
Rf " @ D F D 5y 5Ny B A
Ib oy, Tz 7 ) RS R B ) T Bl o i . WG TR
FVERIE b 1 B I s 2 4 )

|ﬁ = 0 Cor(f) a, C[;(i)ﬁp] QS
B, =10 €75, €375, 108

% o 0 O

?..,.= L1 ,® Ci(‘)ﬁp S (1)
g Dx(f) C;(f)ap [l

1

C o © O

%a“f),r = I:I_ x(") C?(r)ap,) S

1

Dx(‘)Cfs\f(")ép,: O

IR RN PrE E NN E R PIES
i A6 B 3R 1615 30 77 35 0RO 9 A
GG CY G B A T 4 1 B ) R R
RN 151 3 3 7 B0 A B A0 10 505 0 <) 43
590 LA T 98 1 A

O S A 05 e i 3 0
FueD _FdeD,L + FaeD,f + FueD,r
M, =M, +M, +M,, (12)
QueD = Quel),L + ¢“)TFuel),f + ¢<r)TFaeD,r
el A ' 43 R A T A 0 L R
T 5 43

LR AL L 4% 518 U B0 (R 0 8 ) 2

R
my=C.,  ,mg+F +F  +F, , -mov
Jo=M, +M . +M, - é&lo (13)
MgG=®'D,  +0,, -Kg
1.3 =HIFE

A% [ YN ) T N s B, A R
BB Bh 2 B A, o Oy R AT L s o

0 t <t
UZ:{ (14)

K ((a, —kd, —kl) =1
Al =a, =0, +x" 6. FIMHEEE S0, Fla,
A”J?@y?’fﬁlﬁ’hj“%ﬂﬁu W ;0. N 2 J5 10 1Y £
HEE Kk, Rk, S35 B 22 B R R
MR R R 1, =0, WAREES;
xR P B T R B BB R R L R 5
B R 8 E S o
a,=NVI, (15)
Kb, WM EERE SN BT REGV, A
S 55 H b (] R X

TE SR o R AT S AR, R T R AR Y g
PEYR N, T 0 b BURAR OF BT I & 0 (S OR 32 3
T, SR 2] A A AR S R B R S
535
I =1, +®§
{1: =1, + DV
A D D 43y £ R B R A Y 2 AR
Y (%) 5 By 4 15 UM 4 07 B A ) A 2 i A 1 o
Bl oy TSR PR (4 45 1 5 AR Ry

0 <t
Uf{ . . (17)

K (a, = kIS —kI}) =1

g A (13) M (17) , 5t 1 ik
ARy AR, O T TR SO R &
S 178 SERL P A R P A RS R R AT 0 X L 43 AT
3k 2 PR I, R LD T M A S Y Bk e
R R

2 ¥YEFERGHFER

ARG 1 A7 T S W BT LR G B A
5 AL 5 BB AL =G A A R B IR
T BE A 3h 2 A AEHLAN T 5 Sk EOR AR
w2 Rt

X F LR A S 5L, A 2 ) B B B AR LB A
SR R X A AR R 1 B s e, A R T R
FURGRE o AR TR e 5 B HOL AR 1) S ik B 3
MESEIL, AT OR B E AR SO iR S S

(16)



642 | R I N N = < 4

2016 4F

2 Yy R AR

Fig.2  Flowchart of hardware-in-the-loop simulation

JINTE £ 3 5 B 8 R0 3 B T p I AR S 2 B
R 32 B iR 30 T P 19 SEURR AR AR D A
2.1 fHEITEN

P BT AL 55 1.2 35 Pl ar 19 3 )
% RUKHRNE3 TR, B RERE
FLBE NS RESE I ERRGS ES
AR5 AN JE A5 = 4 4% i 25 T 51 3k V5 B Al
g EE
2.2 BmBERHN

1 325 B (L B R BV 1.3 4 b <7 £
A 5 FR, W A AR TR B A AR R 43 1) X
A (14) M (17) o HECEEF ERRURN R Y2,k
Yy B A AT A N A0 B R A L A S A
845 538 S 4 B T A B PR IR R 5 sk
WS (A5 5, I 40 90 5 o sk 3 3 | 3 e R R
F53k 098 J1 AT,
2.3 ®#4&

HEWEAGS N O, Ml ¢, HAG 3 R
Al LR A B ER Y,

S K(

G‘(s)zgésizﬁsz Y 2ETs + 1 (18)
KK T FE 5k i 5 A% 38 oR B0 1Y 2% 1
A R LBt .
2.4 3 rsEu"

1) 3 B2 B 2 AL

NG5 A GHERN M E o, , A%
S ATSEA O]
6 ()=t K (19)
’ w,(s) Tis® +2&Ts +1
S K, TR £, AR5 T S f 2 i
i [ A SR AR e B o

DO Rl N = A S SN = i L= 7| B A
I,+®q.

2) IRt

W A5 A BT AN B A ik
a, , HAG 38 R BCH
1,(s) K,
a, (s) - Tﬁs2 +2T &5 + 1

G,(s) = (20)

KK, (T, F1E, 43 00 2 hin B 4% 35 o B8 00 1
% A JE RS L .

XFF B ROBE Y, i AR, M =
I +®"§,

3) &5l%

AR SRS g, , AR 5 L s
ARSI, AR 8 R R

1. (s) K_s

(5) Tq.(s) T°s> +2T és + 1
A KT, FE, 50 R 51 5 3k A ik pR B B 1 25
A S5 A B e E .

4) fEL

WG S HERH RS RNERGES U, 5
E Ay Y TR 52 s e e 1) 6 s £ 8., AL 32 oR R TRT 1k
5.(s) K .
Uz(s):Trs+1[“ (22)
A K, HT, 5350 AE LA 6 eR A 1 25 R A A
2.5 ¥YEHEARSTS @HER

H2.1 ~2.4 R YT Bk A& Lk
PRESCRT LA S S 52— BPIRAS =5 B Oy B IE =
X=AX + Bu
Y=CX + Du (23)
XX IREEY A RSN LA B,
CHI D R RBUEMF ;u JF HRAN AR, @
b L A B B 0 2 O R RS LA RS
Ty ARERST, g N T M R S R 0 2 i B4 AR
Y3 3o 25 s I RT D ST M A S 5 2 g B
D5 HARHY . J5 SO DL ST Y 4 BB AU 42 il 3 B
PR 47 ELAE SR v | S22 Je - ) B L3R 4 Bl ) o
FEPE I — R 05 B

3 & 4

AT 3 A SR SRR R AN EE 5 Bl T S R A
SP3BT B S T R 3 ) A5 F)
S5 1 VRIS 2 W T AL 4 RRREAL 05 ELAS R O

I

(21)

G.(s)=



54 1

XU, 55 25 1 A SE P Y 5 980 0 B 7 9 5 R W 03 643

HEATXS WA AT AR, E L 1 FR
4 Fh T,
x1 EFITR#ERE

Table 1 Case description of example

5 T 5
1 W A 0 B A Y RMS
2 M AR Ay AR FMS
3 R A 2= 4 B0 5 A AR RHILS
4 S A 2 ) B BOASE Y FHILS

Sy 5 A S, AR SCANORT 5 55 4 Sl SF- T N Y 2
AT B, HARSTEEAE 2 km 5 B2 A ZKF- 10N R
17, S S B AR SR 3R 2 s, & R ot
SR, LT = B R AR IR Ry 13.1.34.3 Fil 58.7 Hz,
A3 5%t RMS  FMS RHILS #1 FHILS 4 F T 5 17
P55, Ry U WY 5 LU A A W A R P A O L ep
B AE B A TR, B e %t e RMS At RHILS #) f)5
FLAE 153 5] RMS A1 RHILS 2 Fb T4 /Y 56038 i
2R R A A 2 AN A f R i A an B 3 TR
AT E] 2 B T80 3 45 il S 2= B /D, 1 B X
T WA S, o B ARSI A5 RS
SR ELRETY Y 5 A5 RO R B R 225, e
£ 55 EL 1A% RE 0 B g b o B AR S, X B
R MR /N

*2 HOSWMEASYH

Table 2 Main parameters of missle example

ZH HfH ZH B fE
LT R kg 304 FRFAR LK /m 0.68
FHKE/m 4.64 IR LK/ m 0.53
B TR /m 0.25 I/ m 0.44
KA SE/m 0.58 FET %4 /m 0.18
IR /m 0.32 HE T R/ m 0.44

%} FMS RHILS 1 FHILS 3 Ff T4 19 45 B
iR 138 — RHN ML E 4 R,

& 4 rh, RHILS 1 FHILS 2 #f T30 3 %0
H & BARKRM 2R, LRz mE S R, H
Hh LT [ 2R ) B R IR 22 O 282 m, FHILS f 4 £
20 R ORFATD fy T8 32 i 48 522 B0 T WD S 1 L iR o
G IR fA R B AR AE 4 s IS T R, 2 Fh T
M4 BA5 R R, sk R A 2 W B Borh o AR
TR, 78R AR TS A 2 W B B %
JE SRR R B B L

XL FMS A1 FHILS 2 Ff T2 20, AT DL 31 587
ARSI (14 2y By L RN B2 ) LI B il 2 B A
— i W22 ], IREAD # il 2 AR AT £ R it e B A
AFIT B4 728 fh e 34, {H 2= 9 3 )7 A A6 1 4 4070

JEE B % S0 8 0 R T K (i OB RL . ] 6
SHAE 3 s AR th 45 T IR BT, () X
P 4 (c) i FMS T80 R AV T8 i 2 32 47 91 Ja
oy M, G R W R AR B9 R 34,2 Hz (U
K7 Bios) X Ul 3s J5 25 2 Bir i3 (34. 3 Hz) 7E
SR AR 3 POk 32 S AR, TEE B 00 AR IR O
32.6 Hz, YL W 5% 13 30 Jp 2 5 P A S i Bl g =
A TR RO, (8 2 4 B 7 v S AR B R A5
FUBCOR o R o 4 A 5 33 47 2 By By
IO 3% % RS AT L Bl ) S R R B B2 5 HL
AT REA R B 55 5 4R Bl AN, R i 2 ) B Ay
FARTE o

3 RMS f1 RHILS 2 B T80 i 3 R 00 #fs S
ARFATD 7 32 B il £
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missiles considering body elasticity
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Abstract; With the increasing requirements of velocity and accuracy, the elasticity has been a non-ignor-

able factor in the dynamic analysis and design of missiles, which could evidently influence the flight performance

and control accuracy. In this case, considering the elastic vibration of missiles would improve the precision while

running a hardware-in-the-loop simulation of a flexible missile. A flight dynamic model considering the elasticity

was developed, and the model of hardware-in-the-loop simulation system was established at the same time. The

integrated simulation of math simulation model and hardware-in-the-loop simulation model was realized, based

on which, the influences of the elastic vibration and the simulation equipment were analyzed. The results could

provide a theoretical basis for the future hardware-in-the-loop simulation of missiles considering the elasticity.
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Fig.3 Grinding machining principle of face gear
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Fig.4 Honing machining motion of face gear

TE $A7 6 ) 1A 8 S A TR R 1 I O 4 A
&, Heaz g g 52 A e sl feHT i Tl R e HT
VS A0 B TH O A B, SC BT o T, KB T
Xt JE I T Ok e O T HEA T ORI T

3 BEREHESERITIEGH

T A RS L RS R I T ALR 25
S T 0 T RVHT 4 T AR A, B SRR 5 3 K
5 T 1k 4 2 THD Jo ek A S T A2 5 B I T 07 ik R AR
SCHY H A, A S S ()8R T 1A 8 3T A2
PARENILE[R S
3.1 BERERAMEERTE

1) RS R0k i

T 71 T Al RE A8 K IS W T o S A I
DX, JF BE A% bR R R 1Y) B B o e £
B, A IR R ORI R R I T R A

AR 5 8 A A 3 AT RL R AU/
T 097 5 85 11 7 6 A 149 32 300 R B, B 2 T R
BV X H S U T RS bR, T LS R
SR L 5 B 1B R, BT LA T B 55 L i ok i
o,

Y R R 2 Ay T DT 45 B ) R M T S
() S SR R T R
nnjf% (6)
2 by, B by, 4 SRR Y A R A 4 1
VIR TERE . MG T B D EL AR TR 7] EL A g
W20 4R 30, YRR BT, 1M P T BUE A0, 6 ~
0.8 B, il T/ (9 25 4 36 T TR it B 0, 4 BUAP 7
30° 72 A7 i R % (432 i G L i T o R o 4 5 )
AR, AT I — 2 3 B TR

2) A s 1) 7 LR Iy

S 10 s 1 50 TR 0 K B 3 AN AR AR R
AFRR O, (2, ,7,,2,) , PR ALIER 0 (2,
Vooz) B R 0, (xy,75,2,) o AN TI23)
Sy B ) T EL I TAR KR R AN S TR,
E., S T8 U5 5 B85 1) 70 LRV TR S D B S @
Shy T U4 % B 11 0 L A %

S B HIIN AR bR AR
Fig.5 Coordinate system of grinding machining
MRS 15 31 " TE 56 A b 22 21 1 14 48 1 )
D1 AR 2 B A b T 40 B R

M, (D)=
o 0 0 0 O
% cos @ sin®, - E_ cos@ g 7
% -sin®d, cosP E sin® E
Lg 0 0 -

1
itk 0 BT D7 AR - R AT A AR 4 T DT R A
[F] 38 3 A A 7 45 D BT A5 380 1 1 0 EL R T Oy AR



54 1

A G S BT A BRI 0 T R T S N Tk 649

rsl(u5105’¢sl) :Msl's(¢.&l) : rs(usaes) =

. s [sin(0, +0.) - 0.cos(6, +06,)] O

|
%rbssin &, [cos(f, +6,) +6sin(h, +60)] +ucos®, +E_ sind ]
|

1

3) RO ) BBt

P HT A2 43 B W) ) B AR SRR 1 BoR o
x1 EBHMESEHIITIAEERSY
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Fig. 6 Tool used for grinding-honing
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Table 2 Basic design parameters of honing gear
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Table 3 Tooth surface roughness of face gear at

different grinding speed

v/(m-s ") 28 26 24

Ra/pm 0.784 0.801 0.807
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Table 4 Tooth surface roughness of face gear in

grinding-honing

a 1 2 3 4 5

Ra/pm 0.460 0.558 0.571 0.554 0.504

Hra—fW5.

RS BRERBERRENSH

Table 5 Residual stress distribution of tooth surface

b P,/MPa P,/MPa
1 -115.4 ~119.2
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3 -151.4 -186.7
4 -54.5 -62.5
5 -84.8 -114.8
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Method of face gear grinding-honing machining based on
aviation environment
WANG Yanzhong” , ZHAO Hongpu, LAN Zhou, HOU Liangwei, ZHONG Yang

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

Abstract: Face gear drives become the main direction of research for aeronautical drives because of their
special advantages. The equation of face gear tooth surface was established based on the face gear transmission
theory. For improving the precision machining technology of face gear, the method of face gear grinding-ho-
ning machining was put forward. The applied coordinate systems of face gear were set up and then the special
grinding tool for face gear was developed based on special face gear numerical control grinding machine, influ-
ence of face gear grinding, slotted technique and the honing theory of traditional gear. In addition, flexible ho-
ning tool was designed. And then the tool used for grinding-honing parts machining was manufactured. The
special tool was used to do face gear grinding-honing machining experiment, and then surface quality inspec-
tion on face gear was conducted, such as the detection of surface roughness, residual stress testing and observa-
tion of surface micro texture. The analysis of the surface quality detection results proves this method is reliable.

Key words: face gear; grinding-honing; flexible structure; machining experiment; surface inspection
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Static pressure changes in different positions of

pipe after change of both cavity volume
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Dynamic pressure characteristics analysis for
double-cavity model of air system
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Abstract: When the engine slam accelerates or suddenly fails, the pressure wave formed by cavity effect
and pipe fluid inertia in a short time will have negative impact on some components of air system. On the basis
of the simulation program of the modular transient air system, the pressure variation of cavity and different
parts of pipe in the double-cavity model is analyzed. The influence law analysis of the size of the key compo-
nents for pressure wave is mainly considered. Results show that the pressure wave produced in the transient
state is closely related to the geometric structure size of the air system. The analysis method of this model can
be used as a basis for fast transient research of air system of the integrated engine.
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Fig.1 Workspace for robotic insertion of brachytherapy
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Fig.3  Structure schematic diagram of seed

implantation mechanism
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Fig.5 Whole structure diagram of seed implantation robot
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Table 1 Numerical calculation of forward and

reverse kinematics equations

A KA L /mm L/mm L/mm x/mm y/m z/mm
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0.002 305.02
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Fig.7 Law of motion of active joints P, under

helical cure in space with point p
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Z, =z
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Kinematics modeling and simulation of seed implantation robot for
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Abstract: We developed a 3-PCR parallel-chain type of seed implantation robot for prostate tumors,
based on measurement workspace in the perineum of prostate and quantitative analysis of the surgery proce-
dure. For this kind of symmetry less degrees of freedom of parallel-chain mechanisms as position adjustment
device, the kinematics characteristics need further research. The forward and reverse kinematics equations of
3-PCR parallel-chain mechanisms were established by the closed vector method and Bezout elimination, and
forward and reverse model was verified by numerical calculation to be correct. The kinematics simulation was
performed under the helical cure in space with point p by MATLAB software, and simulation results provide
evidence that this parallel-chain mechanism has better movement stability and is convenient for real-time con-
trol. The limit boundary searching method was used to solve the workspace of this mechanism under the pos-
ture with @ =8 =y =0°, and workspace with YOZ section was 15674 mm’ under x =0, which also meets the
requirements of clinical surgery.

Key words; prostate cancer; seed implantation robot; parallel-chain mechanisms; kinematics modeling;
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Chattering-free sliding mode guidance law with impact angle constraint
ZHOU Weidong" ", CHEN Yankui', XIONG Shaofeng”"’

(1. School of Automation, Harbin Engineering University, Harbin 150001, China;
2. School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

3. Science and Technology on Aircraft Control Laboratory, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Taking into account both the autopilot dynamics and impact angle constraint, a novel chatte-
ring-free sliding mode control guidance law for homing missile to intercept a target performing evasive maneu-
vers was proposed. Firstly, we establish the guidance system state equation by differentiating the line-of-sight
(LOS) angle three times. Secondly, a new sliding mode control system is put forward based on guidance sys-
tem state equation, and we choose full-order TSM (terminal sliding mode ) manifold to avoid the singularity of
TSM, and introduce the sliding mode switching term compensating the unknown bounded disturbance in the
derivative of controller to eliminate the chattering phenomenon. Finally, we apply the new sliding mode control
in designing the guidance law, which enforces the LOS angle convergence to desired value in finite time. Com-
pared with the existing finite time guidance laws, this guidance law can not only compensate for the effects of
the autopilot lag but also eliminate chattering phenomenon of controller effectively. The numerical simulation
verifies the effectiveness of the proposed method in the design of guidance law.

Key words: gcuidance law; terminal sliding mode; chattering-free; autopilot lag; impact angle constraint
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Fig.3 Influence of different strain ranges on resistance

variation of carbon nanotubes thin film sensor
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variation of carbon nanotubes thin film sensor
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Fig.5 Influence of different temperature on

resistance variation of carbon nanotubes thin film sensor
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carbon nanotubes thin film sensor
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Fig.7 Strain-resistance variation curve of carbon
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P8 i A oK A TR S 2 il AR TR S AR P g SEM TR
Fig.8 SEM photographs of carbon nanotubes thin film

sensor in process of bending deformation

PER MR A LY o (WK 8(a) ) . 1M 2k
YRS TR AL B A% 2 25 i AR 15000 pe i, ik 40
DR A5 THEJIBE PRy 08 e 49 DK A5 0 ke 490 DK A 22 ] 1) L 25 7
32 177 1) 1 BT T B A A A T TR S+ R Dy 4
PG (WLIE 8(b) ), W51 & ke 4 > A8 3 174 v BEL
ARE R, B S AR YRR B N, 245 i

75 20 000 e B, B 4 K RS K A= il 24 B 42 (DL
P 8(c)) itk — 25| L e 4y KA i JEE 1) v LA £k R
B AkSE N Y A i N AR 35 F) 22 500 pe B Bk
YRAAE R 2 AR e A T 2 (DL BT 8(d) ) , Bk 4 K
TR 1) LB AR Ak Bk T 05 R

4 &5 £

1) 25 g 47 B 552 6 3 W] i 2 K A o A TR AR
X5 AR AT R B O AR | T A e

2k

2) AEAN [ B4 IO 728 i 1R AL LA B A A (] £ 1 B
UHRCT  BRAAAE WA DR FF 1T R 10 12 TR A
PRAIE T e 2 K A T 58 A% JBAS 19 B2 E Ak AN 08
FFAT o

3) TR B 5 S OB 94 KA I Y
BEL A Al 25 ) A2 Ak PTG A 5 BT Rl 34, (H 4 >
6 B JE1 40 P e L T 23 ) 728 A 9 TR R B0AR ],
] DL o i A B R R AT B IR, DAHE BR Bk 44 K
R B A AR S IO 7 e SR A P A R R

2% #k (References)
[1

[

POLIMENO U,MEO M. Detecting barely visible impact damage
detection on aircraft composites structures[ J]. Composite Struc-
tures ,2009,91(4) :398-402.

[ 2] DIAMANTI K, SOUTIS C. Structural health monitoring tech-

[

niques for aircraft composite structures[ J ]. Progress in Aero-
space Sciences,2010,46(8) :342-352.
SHINDO Y,KURONUMA Y, TAKEDA T, et al. Electrical re-

—
w
[

sistance change and crack behavior in carbon nanotube/polymer
composites under tensile loading[ J]. Composites Part B: Engi-
neering,2012,43(1) :39-43.

P IAEAR, S, E BRAORE T TR AW EE A
At R I (9 AIF 7 R [0 ] 25 B R 2 4, 2015,35 (2)
12-20.

LU S W,FENG C L,NIE P, et al. Progress on carbon nanotubes

—
~
fa—

in health monitoring of polymer composites[ J]. Journal of Aero-

nautical Materials,2015,35(2) :12-20(in Chinese).

—
W
[—

LI C Y,CHOU T W. Modeling of damage sensing in fiber com-
posites using carbon nanotube networks[ J]. Composites Science
and Technology,2008 ,68 (15-16) :3373-3379.

[ 6] ZHAO J H, DAL K, LIU C G, et al. A comparison between
strain sensing behaviors of carbon black/polypropylene and car-
bon nanotubes/polypropylene electrically conductive composites
[J]. Composites Part A Applied Science and Manufacturing,
2013,48:129-136.

[ 7] OLIVA-AVILES A I, AVILES F,SOSA V. Electrical and pie-
zoresistive properties of multi-walled carbon nanotube/polymer
composite films aligned by an electric field[ J]. Carbon,2001,
49(9) :2989-2997.

[ 8] KANG I, KHALEQUE M A, YOO Y, et al. Preparation and
properties of ethylene propylene diene rubber/multiwalled car-
bon nanotube composites for strain sensitive materials[ J]. Com-
posites Part A: Applied Science and Manufacturing, 2011,
42(6) :623-630.

[ 9] KANG M H,CHOI J H,KWEON ] H. Fatigue life evaluation-
and crack detection of the adhesive joint with carbonnanotubes
[J]. Composite Structures,2014,108 :417-422.

[10] CHEN H Y,JACOBS O, WU W, et al. Effect of dispersion

method on tribological properties of carbon nanotube reinforced

epoxy resin composites [ J ]. Polymer Testing, 2007,26 (3) :

351-360.



55 4 LG, A5 Bl A K A A% SRR AR B L T A A% S 683
[11] SANDLER J K W,KIRK J E,KINLOCH I A, et al. Ultra-low (197 TR, XS0 5 %, S 22 BE ik 40 oK A 17 58 1) T L 28

[12]

[13]

[14]

[15]

[16]

[17]

[18]

electrical percolation threshold in carbon-nanotube-epoxy com-
posites[ J ] . Polymer,2003,44(19) :5893-5899.

ZHANG R,DENG H, VALENCA R, et al. Carbon nanotube
polymer coatings for textile yarns with good strain sensing capa-
bility[ J]. Sensors and Actuators A : Physical ,2012,179:83-91.
LIU L,MA P C,XU M, et al. Strain-sensitive Raman spectro
scopy and electrical resistance of carbon nanotube-coated glass-
fibre sensors [ J]. Composites Science and Technology, 2012,
72(13) :1548-1555.

LEE D,HONG H P,LEE M J, et al. A prototype high sensitivi-
ty load cell using single walled carbon nanotube strain gauges
[J]. Sensors and Actuators A :Physical,2012,180:120-126.
FA G AR SR, A WIS 0% U A A ] A B A K AR
B o7 8 /3 BE AR TR PRI ST [ 0] i 28 2 41, 2015,36 (9) -
3187-3194.

LU S W,FENG C L,NIE P, et al. Fabrication of multi-walled
carbon nanotube buckypaper by spray-vacuum filtration method
and characteration of its strain and temperature sensingproper-
ties [ J ]. Acta Aeronautica et Astronautica Sinica, 2015,
36(9) :3187-3194 (in Chinese).

KAISER A B,DUSBERG G,ROTH S. Heterogeneous model for
conduction in carbon nanotubes[ J]. Physical Review B,1998,
57(3) :1418-1421.

HIEROLD C, JUNGEN A,STAMPFER C, et al. Nano electro-
mechanical sensors based on carbon nanotubes[ J]. Sensors Ac-
tuators A :Physical ,2007,136(1) :51-61.

WANG W L,LIAO K J, LI Y, et al. Piezoresistive effect of
doped carbon nanotubes/cellulose film [ J]. Chinese Physical

Letters, 2003 ,20(9) ; 1544-1547.

[20]

[21]

[22]

ST )] W AE 4 ,2012,61(5) :1-6.

WANG Y T,LIU Z D, YI J, et al. Study on the piezoresistive
effect of the multiwalled carbon nanotube films[ J]. Acta Physi-
ca Sinica,2012,61(5) :1-6(in Chinese).

LI C,THOSTENSON E T,CHOU T W. Dominant role of tunne-
ling resistance in the electrical conductivity of carbon nanotube-
based composites [ J ]. Applied Physics Letters, 2007, 91
22311-22314.

TUNGKAVET T,SEETAPAN N,PATTAVARAKORN D, et al.
Electromechanical properties of multi-walled carbonnanotube/
gelatin Hydrogel composites: Effects of aspect ratios, electric
field,and temperature[ J]. Materials Science and Engineering:
C,2015,41.:281-289.

KANG J H,PARK C,SCHOLL J A, et al. Piezoresistive charac-
teristics of single wall carbon nanotube/polyimide nanocompos-
ites[ J]. Journal of Polymer Science. Part B: Polymer Physics,

2009,47(10) :994-1003.

fEE ' AT :

b N e I B8 0 T O B3 1 MO I RE B N R SR e vy
KRR WL

Tel. ; 13390101451

E-mail; 1074567394@ qq. com

B U Wb R, B R R BT O W AL
A,

Tel. :

18040036088

E-mail: 17823718@ qq. com



684 Jbom M= R R ¥ R 2016 4

Carbon nanotubes thin film sensor and characterization of
its strain sensing
NIE Peng” , ZHANG Daguo, CHEN Yanhai, LU Shaowei, HAN Jiao

( College of Electromechanical Engineering, Shenyang Aerospace University, Shenyang 110136, China)

Abstract: Due to the aviation accident caused by structure deformation occurring frequently, the health
monitoring of aircraft’ s structure has become one of the effective means of prevention. Carbon nanotubes thin
film can be used as strain sensor for health monitoring of structure damage. The dispersion techniques such as
mechanical agitation, ultrasonic processing and centrifugal processing had been combined for realizing the
monodispersion of carbon nanotubes in aqueous medium. Carbon nanotubes thin films was fabricated with mon-
odispersion solution of muti-walled carbon nanotubes through vacuum filtration method for strain sensing. We
designed a carbon nanotubes thin film sensor which was formed with matrix of structure for strain sensing. Ben-
ding strain sensing experiment shows that carbon nanotubes thin film sensors in different strain ranges and dif-
ferent cycling times and different temperature conditions has good strain sensing characteristic. The response
and sensitivity to strain of carbon nanotubes thin film were investigated. The sensing mechanism of carbon
nanotubes film shows that the resistance of the carbon nanotubes thin film increases with the increase of strain.
The results indicate that carbon nanotubes thin film sensor has a very high strain sensitivity in the strain range
of 0-22 500 e with gauge factor of 188.31 and has excellent reversible and repetition characteristics.

Key words: vacuum filiration; carbon nanotubes thin films; sensor; strain sensing; monitoring of struc-

tural damage
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% A= PRACHE 1) B it P 5 (. ( baseline ) . # IF th
IERRATAE S 9280 . RATAE 55 40 i K 2 P AT 55
52K, 2 AT 55 7K - 1 S 58 5 )5 7E 40 =2
i T A T i3 EEGEOG LA Jz ECG %
i, B A SR R P T A R A R E L EEG
FEL AR ] o L PR AR L B I b A o YR SEC 65 i)
15 ~30 min, H:[i] 9 3 & 56 B NASA _TLX 3= W3
Mgk,
1.4 ZWBHIBIERSHH

SRS B AL S 3 4y, 4 S AT VR L Bk
BOHE A B RR B0 LA R 3 P BCH o
1.4.1 kAT LG XIHKIE

WAL R, R G A shid el E
S A B TE B R AR SR RN N S 1) A R B DT A
8 H5 .
1.4.2 A #E W HEIE

K FX-7402 + 38 A )50 B0 H B LI S
if sk ECG {55, Fric s M58 4 53 5 min P9 43
H 0 RR i) 0] Bk ) 7 471 R A A7 e A B O R B
I . SRR 0.05 ~ 150 Hz, P JF i sk
BE R 25 mm/s. BT W BFgE R B, 0 R AR F M
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(HRV) [y SDNN Be f% A &4 Sz e igi o7 57 far 1) BJ%
FE L FHILARBEIOR S BT HRV 9 SDNN,

AR5 K F Neuroscan Neuamps R 4510 5%
BORHE BN AE S BTAT ST R B, ERP 45 bR
9 MMN J873 B9 WA AT P3a i 4 B0 I (B X 5 K AT
AT 45 4 O 9 I A7 97 4o 9 728 Ak 45 o Rk L D
A SEEG AR, ERP $8 AR HEAT 23 B I, 45 2k 22 4 1] i
22 WA ERP 3l 5 AR HERNK A ERP, 45 3 i 75
WA AR T 75 A 1) MMN A1 P3a, I Xof H W {F £ 1T
I3

FHSEHFFE4E B R B EOG il & 48 5 rh Y 12
M B 6 4 15 il A7 60 4 K S 5 U AR 56T IR T A
HIF 0% (7] Bof e 42 A 18 3 7K 7 IR Pl i TR H L DA
T AFAF B 18 76 A [6) M 2 RATAE 55 1 /Y iz IR K
B, PRI S 2 MR U EX — 8 bR X il 7 £ 167 1)
R S HC A ) 1) T A A e ) e A O
1.4.3 RN HE

K H NASA_TLX 47 E WA . Rl T 8k
T T e YRS 0 2 o RS PR A Ak e A T
PR OB, BRI 50K I 4 NASA_TLX 4 — & H
10 221 BB AL O 7 (E R 0 ~ 100,0 7R e Ak,
100 R e . BOXFH R A O X CATAE 55 Il )
T R Y 2 WL AZ X g — 2 H AT 4T 20, R 5
¥ 6 A5 HAEAT P LA, 2t Hh A X rh X S i
G TR R A IR — 2% B, R4l B — 2% H gk b
9 B0 R 2 2% H X AR i 7 B A Y AL, X 6 A
FHMEATHET s /5 X 6 A 2% H AT IR 15K
tE BN ) AR o A BRI g B e K

K HI SPSS 17. 0 GEiH A4 % RAT AR L Gt
B 3 28 A #N HHE DL K 3 00 A A 43 )
HEAT B PR 3R A A T 2 0 A

2 LWER

2.1 ATELSHMITER
TE 5 AR 2 FpA )ik g SRR SR, il X
AT SR B Y IE B R R AR RN I ] k2
Bl s o
x2 BERAORAE THIKENERREERNRNAE
Table 2 Operation accuracy and reaction time of

the subjects under high and low mental workloads

ik 77 671 o B ERAE R/ % S 5 ]/ ms
= 74.14 £5.67 862.47 +52.67
i 97.88 £1.75 809.18 +67.52

PPN 2 A A 9 05 22 20 M 45 SRR ik
AT I 00 B3 (P <0.001) o B AR B i
& IR G A B SN, ol B IE A 4R AR R R R

e, F 235k % F(1,12) =217.303, P <
0.001, Jz i B[] fg & 4 <, F (1,12) = 12. 464,
P=0.004,
2.2 EYWELER
3G T T NASA_TLX 1 3 WL I 3 45
Ao KPR D K A R 0 T 25 a0 A, SRR
BG83 (P < 0.001) o H RSB
Sy Wt 255 G ) 67 A7 #4385 0, NASA _TLX 9 35 0L BF
S E i ENE L F(1,12) =74.813,P <0.001,
®3 B REAAFTTHREEFHEIVNNTEER
Table 3 Subjective measurement results of the subjects

under high and low mental workloads

i 3 B FAAIEAN 53 {5/ %
= 65.39 +£5.27
1% 57.10 +4.78

2.3 £ENERERNTESER
A A2 PRI B R ARAE 3 Fh AN [R] R J) 6767 S5 4 T
N (B AN 4 FTR .
F4 BEEBEREARANAGTELZTHNERE
Table 4 Measurement values of various physiological

indexes under different mental workload levels

R oG 3 %51 16
RS R —

xif B ik =
MMN/uV  -2.17£2.30 -3.04£2.39  -4.29+2.94
P3a/pV 4.27 +4.94 1.68 +1.61 0.42+2.17
SDNN 58.38 £15.53  49.23 +13.51  40.77 £10.73
MZHR YL 129.92 +88.00 113.69 £96.92  61.15 £55.27

T3 L PE 48 B, XFF MMIN B 43 (Fz FL A
Ab) PYUEAE T F L, R R E R W R 2 AT
AR R T s ) R RO L F(2,24) =
5.880,P =0.008, i —2 Wi xf b 45 S Wow , X
W2 i )t fp AR AN MMN B2 (Fz AR ik ) 19
AR R AR T (P = 0. 171) A% ik 7 7 i IR 28
MMN Ji§ 53 (Fz B AR A ) 8 U6 6 IR B, X R 24 i )
FRPRE T MMN 53 (Fz H A b ) 0 U {8 2
BEAMT (P =0.013) m i S 7 far RS T MMN
53 (Fz BRI AL ) 1 06 {8 B2, 1K ik g £ faf & MMIN
JLAr (Fz WA AL ) 0 06 (B0 R B2 W 35 IR T (P =
0.035) = i Jy 7 fif & MMN B 53 (Fz BB Ab ) 1Y
WAL E

XFF P3a 5 (Fz B AL ) B UE(E 1T &, 50 [
B A Yy 2% 40 A O R AR W, I ) B e
B R 2, F(2,24) =5.448,P =0.011,
— A WO F R 4 R R, R B4 B ) B e R A R
P3a 5 (Fz HEARAL ) I {E & T (P =0. 09) K fii
TARPRIST P3a Jli5 (Fz AR AL ) A4, Xof BR
I S U APIRES T P3a 54y (Fz Hi b Ab ) A 06
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2016 4F

BE®F (P =0.021) @ S A RS P3a i
gy (Fz AR AL ) 1 W (B, AR I 7 B 5 T~ P3a B 4%
(Fz HLARAL) (W8 {E i 25 5 T (P = 0. 008) & fii /)
T T P3a 5 (Fz HUBRAL ) i IEAH
FE 0 LT 8 B3 X T SDNN B4 1 7, B
[K 3% 5 &2 0 Sk 1) 7 25 40 B O T A SR R il g R
T ERLN B F(2,24) =11.163,P <0.001
E— 2 BN B A 8 SR R, X R AL Ty B e IR A
T SDNN ji43 {8 2 2 55 T (P =0.023) K i /)
TR AT SDNN B 4 (918, X B 41 i g 671 Ao iR
AN SDNN pisr i 2 3 & F (P =0.002) /& i
Ji i faf IR AN SDNN B 4 1 (B, 1K i Jg B far
SDNN JL43 ({8 i 2 15 T (P = 0. 013) 5 i 3 97 fif
~ SDNN 14 f 18 .
FE IR PR 48 A op 2 IR B bRl
B PR R A Y T 22 4 A IR 2 R R I )
T fr i £ RGN i, F(2,24) =8.588,P =0.002,
— 5 OGF AR 2 B s, ) R 2L I ) B e IR S
TRz IR BRI AE & T (P =0. 374 ) {% iz 77 £ Ik
N B2 IR OB (R, X R 41 By B RS T 2 R
P HIE W2 = T (P =0.004) &5 i 77 7 far IR 25
N AR B AE AR i ) G far Tz AR O R
F T (P =0.003) & 7 67 T 1z IR B {E .

3 # &

3.1 E#Em*

A3 5 e BUW AR 2 AE 2 FhOR IR B 1) R S R
(19 45 B — A BRI R R AR (3 4 AN ) 4% B
SRR BB AL A (2L 6 A) L = A N i 48 AR 4
A (34 AS) LI AR B S AR AL (1 A) L 4
5% i 2 T Fisher JEAE (9 Bayes 3 51 J7 i, ¥ 2
T A TR R B0 RS B S R TR IR g 67
o J) 53] T A B LE A VA AR A

7 Bayes 57 v i Se B AR A Y 0
M, BRI 7 S B E 4 B0 Ay, ) FH 0 591 R K
I B AL 0 £ B X SE B0 M 2 R AT I B fie e 15 B B
REARJB TR R B AR A5 3. Hotkan T

D) FEREASXBTEEGC (i=1,2,- k)
AR LN p(6, | X) .

2) AR B ASHERAL B /N REAR 5 X
JERR eSS SNIES =Y. I

W p(G, | X) B, % IELLF 3 AN

1) BRI SIS 1 B AL
B — A REAR R TR G (i=1,2, k) B HE
K AON p(G,), ALK R e 56 iR, B kA

G L,G, G BB RN ¢4, 9,0
JEIR AR AT LU 48 B AR LR K45, mT DUAR 95 05
BRI, % q =g, =" =q,.

2) WREARIIR . X BHEARIR RS
R G, (i=1,2, k) R BEVREAR X AR S &
WL N p(G [ X) .

A2 A SR i o G S 5 A ik A 22 0T IE
Ao A, HA B (S50 1 P J7 22 28 AR 2, )
FERAR G, S BEA X MR p (G, | X)),

By 22 90 1F 25 40 A 1) %5 JEE o8
1
p(Gi‘X): N
lw| V2T
exp[ (= 1/72) (X =) "(w) (X =) ]
(1)

s [ o [ NP7 22505 M 10 A7 90 B, BR R ) U7
Z RS N BIRIER DT, TRA

1
p(G | X)= exp[ (- 1/2)D;] (2)
|| V27
) B, 76 R G, Pl B RE AR X R 8 i
p(G | X) =— —exp[ (- 122)D2] (3)
w‘ 21
3) HEREAE T K G (i=1,2, k) BIHE
%p(cz‘x)o
M4 Bayes 52 S, JH 25 5] o 5000 15 B 8% 4
A A
p(G, \X)—M i=1,2, .k (4)
qup(X\Gi)
MTF p(X]6)5 exp(( -1/2)D}) B b fl,
[K it , Bayes $) 31| pR £ H
(G| X) = gexp((-1/2)DD) .
> aexp((=1/2) D7)
(5)

FEAR X RiJE T p(G, | X) FeRII2E
3.2 EEMSIRERIEA

SR F R A 45 A 12 BR Y8 (Eye Blink ) 11 fili
5 b5 P3a 4 (0 A0 51 5 FR AL AN F
¥, =0.019x, - 0.515x, — 2.215 (6)

vy, =0.010x, — 0. 144x, — 1. 032 (7)

fCEP cyy SRR GG 7 B RS B ) 0 pR BB sy, R
o0 G 3 7 A bR S B4 S 0 o B e, O HIR LR B 2
MR UCEL >, R HLAE AR P3a (IGME . MR x, 1 x,
HOEL 2 AT TSR L3y, ALy, TOMEL, 5y, 1Y
{E K, WA A &b TR ) 0 RS 5 5 v, BOMER,
TUIIA SAy Ak F v i 7 67 fer AR S
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3.3 BRABBFF TN AR EHNQE

SR FH I AR, 56 V25 0 58 SURG 96 925 2 b J7 125, R
Ko Tk @ 19 1S A~ Bayes 1 Fisher 2k 4% H 51 o5
HOK A IO 552 38 2% P T 7 00 A 25 6% A0 53 I o
B o ARG 56 75 2K BT I B 26 A il 3 R R
Bt AR B b i 0 ) R B DL AR A5 2
) TE FU T ) B R SRS R AR S PR, &
SURG S8 2 A Hrh 25 AN RE A B B SR Al E ST
F ) OISR I FH 2 R R O R Ay 1 AR
) 22 A R WML, T A R AR RO PR A 56 1 ok, L ik
1726 U, AR IR A5 R K 6 fiR.
£S5 ETERBE XN E LR A Bl &R LR

Table 5 Results of prediction accuracy of

various models based on original validation method

T A g B e 1 oE B R %

AL 6 AR —

ik = Ty
SDNN 46.15 61.54 53.85
MMN 61.54 46.15 53.85
Eye Blink 46.15 69.23 57.69
P3a 69.23 53.85 61.54
(SDNN, MMN) 76.92 69.23 73.08
(SDNN, Eye Blink) 61.54 76.92 69.23
(SDNN, P3a) 61.54 61.54 61.54
(MMN, Eye Blink) 61.54 53.85 57.69
(MMN, P3a) 76.92 69.23 73.08
(Eye Blink,P3a) 76.92 84.62 80.77
(SDNN,MMN , Eye Blink) 69.23 84.62 76.92
(SDNN,MMN, P3a) 76.92 69.23 73.08
(MMN, Eye Blink,P3a) 69.23 69.23 69.23
(Eye Blink, P3a,SDNN) 61.54 84.62 73.08
(SDNN,MMN, Eye Blink,P3a)  69.23 84.62 76.92

F6 EFXXNKHEMNSXERAZFNEBELER
Table 6 Results of prediction accuracy of various

models based on cross validation method

TR A 3 776 B A RS

PEAG F8 A —

fi% = Ty
SDNN 46.15 61.54 53.85
MMN 61.54 46.15 53.85
Eye Blink 46.15 69.23 57.69
P3a 69.23 53.85 61.54
(SDNN,MMN) 69.23 69.23 69.23
(SDNN, Eye Blink) 61.54 76.92 69.23
(SDNN, P3a) 61.54 61.54 61.54
( MMN, Eye Blink) 53.85 53.85 53.85
(MMN, P3a) 69.23 46.15 57.69
(Eye Blink,P3a) 69.23 76.92 73.08
(SDNN,MMN, Eye Blink) 61.54 69.23 65.38
(SDNN,MMN, P3a) 76.92 69.23 73.08
(MMN, Eye Blink,P3a) 69.23 46.15 57.69
(Eye Blink,P3a,SDNN) 61.54 69.23 65.38
(SDNN,MMN, Eye Blink,P3a)  61.54 69.23 65.38

[ ARG 562 7 3 T, oF TROBIL 2 B s A T A
T3 87 fi 25 GHE AT ) 530 I R, SR T A A B

e b 455 R0 A7 4 90 900 B A ERL 3 A P3a A )
T o % A v, R AR 2 A 6 ) )
I o 10 2 43 B 53.85% A1 69.23% |, V- 14 B
T HER S 61.54% R XA BRI 5 45 br 25
AR HEAT 0 BRI LA AR Eye Blink 1 i £5
b P3a 4 A A 0 500 T 0 o 10 0 v, AL
iK% 2 i i Jy A 0 S T o A R 4 ok
84.62% 1 76. 92% , SF- 4 H | T I i # R Ky
80.77% . K JH = A= N 55 15 b5 25 A B R0 3R 47 )
SIEE, O HL AR bR SDNN i fL 48 b MMN % AR A 45
b Eye Blink 2H £ (1 3] 50 T 00 o 6 56 05 i, 12 AL &
XoF i AR 2 Ff A 7 G A 1 0 ) T A A 2R 0 ) R
84.62% 1 69. 23% , ~F- ¥ H| 5 Tl W AE 1 3 N
76.92% . SR VYA B 4R bR 25 G R A Y ) )
Jrikh, 0 B A% SDNN I Hi 48 A7 MMN Al P3a
KR B dE bR Eye Blink Xt &5 A% 2 F i 7 47 fif i) 1)
ST A 2R 45 R 84 62% F1 69.23% |, - HH]
ST A A R K 76.92%

A SR vk 3 I, 4 KL B et % L i
7 07 Ay S A A0 1) T B R B RS A B
e b A R0 AT A 90 900 B A EL FE A P3a A )
T o 2% A v, R AR 2 A i g 6 ) )
0 o 1 2 43 B 53.85% A1 69.23% |, -1 4] B
T HER 2 61.54% R XA BHLI 5 45 br 25
B ELRLHEAT 0 B E  BR LS AR Eye Blink 1 i 45
B P3a 4 A A 40 ) T I0  1  0 v , RALA
6 2 o Jy A 0 S0 T o R 4 Bk
76.92% F1 69. 23% , V- ¥ F 5| 1k B K K
73.08% . SR = A4 B B 4R bR 25 A B A HE 1T R
ST, L HLFE B SDNN il B3 48 4% MMN il P3a 244
B 8 0 S50 S0 9 A 2 e s, i ALk R A 2
J3 A far (4 ) 531 T oE B R 0 ) 69. 23% FI
76.92% , 3724 0 550 FU0 o 1 %A 73.08% o >R
DU A BRI R b 5 A A A ) O vk b, o HL AR
Fr SDNN fiii Ht, #5 A5 MMN 1 P3a R H1 45 b Eye
Blink 5 = AWK 2 i Al oy £ a7 10 40 53] F50000 o6 4 2R o
BIR69.23% F1 61.54% ,~F- 35 1 5 151 I o 4 2R Oy
65.38% ,

AR S ) T 9 Rk, 2 R 5 vk
YR, R IR L 48 b5 Eye Blink F1J% 6 45 45 P3a
ST g ST 1R XUFE B AR R ZR G DAl RS B g X RS g
i dob 7 S T I 7 A A R4 0 S I o A R A
1o T LG 0k G 30 2 2R IR 2 T A AR
R4 X6F T ey B A AT 70 467 14 ) 1) 00 7 A 5 43 )
y 84.62% F1 76. 92% , - 4 ) 3| T W) o 4 K A
80.77% ;3T 28 XK 50 95 (4 K6 560 25 3R, % 28 B 1T
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Ak ASE JRY 6) 4] 531 50000 O B R AE 69. 23% ~ 76. 92%
Z T8, -2 ] I AE B A 73.08%
3.4 H£EZEITFMAEES NASA_TLX ERHLLR
S K 58 T ST A XA B R 4 b 25 PP AR
YA AR R A AL, oK 2584 R D ml A, 36 vk A A2
SRS 58 325 8 WA BETA 8 B 238 5 T AG B AL 5 T AR
U E T NASA _TLX fE 3 1% 4] 531 2 00 25 2R ok
IR EE, S5 N 7 1 8 fm o
%7 EFERQBENEENRRFEATHMDS
NASA_TLX ERITFMELERILLE
Table 7 Evaluation results of physiological indicators
and NASA_TLX of integrated evaluation model

based on original validation method

TR T . BETEH BT
BRI NASA_TLX - BEEIf)  NASA_TLX
T2 B TR 2 T A T 3
1 2 1 2 2 2
1 1 2 2 1 2
1 1 2 2 2 2
1 1 1 2 2 2
1 1 1 2 2 1
1 1 1 2 2 2
1 2 1 2 2 1
1 1 1 2 2 2
1 1 1 2 1 2
1 1 1 2 2 2
1 1 2 2 2 2
1 2 1 2 2 2
1 1 1 2 2 1

17 —AEAR IR 3 587 KT 527 —78 o il ) Bk

®8 ETXXNHBINEEERERITMHERE
NASA_TLX EXRTHERMILER
Table 8 Evaluation results of physiological indicators
and NASA_TLX of integrated evaluation model

based on cross validation method

S AT A HT - He A HT
5 MBIy NASA_TLX S5 iR NASA_TLX
T2 B T2 5 IO 2 ] A T S
1 2 1 2 2 2
1 1 2 2 1 2
1 1 2 2 2 2
1 1 1 2 2 2
1 1 1 2 2 1
1 1 1 2 2 2
1 2 1 2 2 1
1 2 1 2 2 2
1 1 1 2 1 2
1 1 1 2 2 2
1 1 2 2 2 2
1 2 1 2 2 2
1 1 1 2 2 1

T 17— AR T3 5 K 527 — 75 i i ) AT K

IR T I 0 A 45 SR AT, AR A 36 vk 1Y
K6 06 485 SR 2 B, SR FH LA L0 R B 2 4 D A
RUFD NASA _TLX i3 2 B J7 v i ~F 2 340 ) 350 0]
HERA 253 30 N 80. 77% F176.92% ., H bt Tk
A B ) S50 T, 2 A i Y S S5 0 o it 3 AH
6], 44 76.92% . X 55 5 far (4 40 590 $5000 , Kk T
XU B 2 B ) 255 A T A D 174 4 3] 000 o A
B = T3 T NASA _TLX & 3 1) 0 51 i 0 o4 A
R Y ) ) T A AR S )k 84, 62% Al
76.92% .,

MR 8 JIT 7 1 L A 45 SR T 1, 28 UK 3 vk 1Y
Ko 5 45 S 3 W, 2 b T 1k 1 ST 1 ) ) I o A
AR, 22928 76.92% o Hovoek TR 67 far 649 34 531) 1510
D, B NASA_TLX it 3% 1) 40 1] 750000 o4 ff 56 s 55
F I TR BRI S B A 25 A A A Y ) ) ) T
I S, VO ) ) ) 0 9 R 43 i) S 76. 92 %
H169.23% . X T e B Aar 149 40 590 F0I , Kk T A B
)2 6 A 110 255 B DAt A 780 1 1) S50 00 00 98 0 56 e 55
F T NASA_TLX £ 3 (9 ) 51 F0 00 o o 26, 9 3
4 F 3] 000 A A 2% 3 1) Oy 84 62% 1 76.92%

A AR 43 288 ) S50 o K, SR FH OB B
Fe bR 25 4 VEAS B A FT NASA _TLX 3% 2 oy i
X TR e Sk s A T M 65 A A G0 ST 34 0 )
HERA 45008, 43 Wl K 78.85% F 76.92% , ik
2 PR 56 Ty VA R B R X 2 B O Ik B e A —
R B0 L P T o G 2 S TR 1 ML
A R B AT AT 55 v R I g £ far KP4 T A 2
B[

P AT L SR FH RCAE B S A 25 A T A AR
LD ORI R R TN A T A BB TR (= S X s
& A RER A0 NASA_TLX &= RIFME ik, £
Az B 4 bR 25 S PP AR SRR A AT LA T
0] A5 0 T S s 0 T, AT AT e T
XoF TR B it Sk s AT A ) 65 A ) A O

W
4.1 3 KTMEEHRYBARTELRSRM
TEAWEFE Y, NASA _TLX 4 3 19 73 {8 Bl 45 T
45 X! I F) 3 00 3% 2% 25 N, X 5 Lehrer' '
Sohn'"VFil Karavidas' "' 45 %} 5 K 47 4T 45 AH 5 i F
FAR—E XS5 R U, Bl &
WLR A BERTG , AS 52 56 v A W] TR AT AT 55 3k B 22 (]
149 1 3 70 A A 1R R 2 e I, R AT S S
U
TEAWE T, WO 0 RAT VR ML G5B 5 AT
55 MEBE 50T 2 2% W T R, HA R I AT
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5, A AT $ H0 7 J 7 167 ) AIF 5 oh AT DL 2o 45
Tl AT 55 0 3 B >R B AR AT 55 1 g 7K P, 8 3 Ak
SR BYCHE HR A DA 45 9 JEE B s A

TEASC 3 KA AR bR, 75 ik 38 bR 07 1, B
% % 3 B0 B 3G, MMIN 43 B W8 (78 Fz H
b)) SN, P3a N4 1 I (E (7 Fz A AL ) W
AR 7RO FL AR AR T, BE A BX T 67T 0 3
SDNN (% B0 (B Sk & B ARG 5 76 MR v 938 b 5 T, B 5
7757 far B BE0 , BZ AR VR CE I BRI
4.2 FEBFHER

Al 2H A 0 H 53 T o A RGO 2 R
BE T 22 HE BN 48 AR Z5 G PP A A B il g £ 4 7K
S ) S 0 000 9 i A A R I A 3
A5 1 A 5 ME AR 2 3K 16 B R 22 4 25 A IR AN A
AU ki 77 G Aar AT 0 SRR b B R FH B — 48 B ]
SR A L

B2 i@k Bk 2 Pk e 5 v, A 9% (6] i &
L, TE BT A EE 0 25 2R R B 1P B T b B R
& 45 Eye Blink Flfiii L4845 P3a 414, i & 57 (1 XL
Az BRI B8 AR 25 A PEAR B R X B Bk e R A
AT i 7 70 a7 55 9% 1) 0 3] om0 of e o5 0 T = A FR
ST PR ZE A TP AN AR RN D A I S A BR 25 A VAL
BEAY X — 7 R R U W, 7 3k 5 A [ AR B
D2 6 Am A N7 25 G PEAR AR AL 1 o AR v, JR AR T i
PEIY A B VE Al T8 b B 22 B0 R A F0 00 o 4 5 L
1o, T AR B EL A Y TROBL 2 B e R B T ARG )
T CATAE S5, B Z AR W 4 & 19 A2 328 5 1T
AR TR 38 2 b 5 45 > A5 7R Ay F 1) 0 o i 3
REAS Hh B O 04 A L AR A
4.3 MIRMENX

TE AL B 2o 5t st i R R B, )
BLB T A D 5 SR HOME 7 7 DAV 8 A R T A 455 784
R T R s BTN R B O 2R kAT L
i 73 87 Af 7K S, DA B s 9 4 fi ) AT 5530k, i i
oAb 2 Bk e s 5T iy i i O 22, A R it
RO, T BT A . TEWI IR 35 AL TAE o
AE N D1 g A 5 TE D s T gk 1A T A 3 A
FFAPE, NI A Bl T 2 8 355 L o 808, 2 R 35
H o TAE R TF R . ASHIF 5T il i i B B A K
A7 2k A8 v T WA A AN i R R R BAE 55
LR R T 22 AR JH £ 5 A 0 £ R TR AT N T R
oy 1Y) S 36 D i 5 RS AR AR R A SRR T 2 4
P bR N T g A7 g L O AR AT

o RALBE T BRI AL E O B ER A T A B .

AR AT AR S R 4 B9 ERPLUECG Al
EOG %5 4 & 5 4 , 25 5 "KL 25 BLR ik g 6
530 T A B2 DA AL BB A% S B X TR AT B
G 3 7 A R A Y S A A A R T, DA TG
it T4 AT 6 H B AT 5O 7 07 i e 2 4R H
SN AR i R T 5 R AT 25 S S AT
i K AR

AR SC I ST R R Sy b TR DE TR BIE R Y
I AW SR N R k=2 iR T AT
89N A PR 20 A o A B AR AR T T A A A T A
FEEPERIE TS %, DLAR o o 5 B9 RCR MBS, A
A HE TN by PR 3R AL A E A BRI T
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Integrated physiological model for mental workload assessment and
prediction of aircraft flight deck display interface

LU Kun', WEI Zongmin'* | ZHUANG Damin®, WANYAN Xiaoru®

(1. Development of Aircraft Airworthiness Certification, Civil Aviation Management Institute of China, Beijing 100102, China;

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

Abstract . This paper focuses on the objective discrimination and prediction of mental workload of the air-
craft flight deck display interface. By three physiological measurement methods of event-related potentials
(ERP), electrocardiograph ( ECG) and electro-oculogram ( EOG), as well as subjective evaluation and
performance evaluation, both experimental measurement and mathematical modeling of mental workload were
carried out under the same flight simulation task conditions. The experimental results indicate that as the men-
tal workload increased, the peak amplitude of the mismatch negativity (MMN) at Fz significantly increased,
while the peak amplitude of P3a at Fz, the standard deviation of normal-to-normal RR intervals ( SDNN)
value, and the eye blink numbers significantly decreased. Based on the results of experimental measurement,
the Bayesian discrimination analysis method was employed to construct the mental workload discrimination
model of the aircraft flight deck display interface. The integrated physiological model showed a higher accuracy
in the discrimination and prediction of mental workload compared with NASA_TLX. Thus, this model provides
not only a new approach for the objective and real-time discrimination and prediction of mental workload of the
aircraft cockpit display interface, but also a new compliance verification tool for the human factor airworthiness
certification of flight deck display interface of the new generation fighter aircraft and large passenger aircraft.

Key words: flight deck; display interface; mental workload; physiological measurement; prediction

model ; airworthiness certification
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Properties of pendulum motion of tether tugging system and
its stable control
ZHAO Guowei” , ZHANG Xingmin, TANG Bin, SUN Liang

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

Abstract: Taking account of the attitude motion of tethered system, mission satellite and abandoned sat-
ellite, dynamics and control models of tethered system are established. According to the flight process under a
constant thrust in the tangential direction, an attitude control of mission satellite is adopted on the basis of
thrusters and momentum wheels; then, the characteristics of the oscillation of abandoned satellite, the pendu-
lum motion of tethered system and the attitude motion of mission satellite are studied and effects among each
other are analyzed. In order to ensure the flight safety of tethered system, the tether tension control which
includes damp control law and position-keeping control law, and mission satellite attitude control are adopted.
Numerical simulation results indicate that the regular oscillation of abandoned satellite at a specific angular
frequency which caused by the offset of hanging position may arouse high order pendulum motion of tethered
system during deorbiting under a constant thrust. Furthermore, the attitude motions of satellites are the main
factors which bring disturbance torque to mission satellite. In addition, the oscillation of abandoned satellite is
damped out and the distance between satellites is maintained by the adopted tension controller, which guaran-
tees the flight safety and stability of tethered system combining with mission satellite attitude control and also
reduces energy consuming of mission satellite.

Key words. tethered system; orbital transfer; pendulum characteristics; dynamics; tension control
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Table 1 System parameters

ZH HE
Jo/ (kg + m®) 0.00046
Jy/ (kg » m®) 0.045
Jy/ (kg + m*) 0.081
K, 0.72
c, 0.074
K./(N+m-rad™") 3800
i 100

TE:C,— ML R R E

3 A A i o R PO AE SRR 3 M S A o R IR
Fig.3 Waveform of outer gimbal angular speed based on

current feed-forward control and inner gimbal starting

B4 N A 48 T PIHE 22 Bl SMHE 22 £y 3R E
Fig.4 Waveform of outer gimbal angular speed based on

adaptive backstepping control and inner gimbal starting
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Fig.5 Outer gimbal angular speed tracking

sine waveform under current feed-forward control
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Fig.6 Outer gimbal angular speed tracking

sine waveform under adaptive backstepping control
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Fig.7 DGMSCMG experimental system
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Fig. 8 Structure block diagram of controller
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Fig.9 Waveform of double gimbal angular speed

under current feed-forward control
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Fig. 10 Waveform of double gimbal angular speed

under adaptive backstepping control
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Fig. 11

Outer gimbal angular speed tracking

sine waveform under current feed-forward control
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Fig. 12 Outer gimbal angular speed tracking

sine waveform under adaptive backstepping control
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Adaptive backstepping control method used in
DGMSCMG gimbal servo system
LI Haitao" ", YAN Bin""’
(1. School of Instrumentation Science and Opto-electronics Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Fundamental Science on Novel Inertial Instrument and Navigation System Technology Laboratory,
Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: To overcome the problem of the precision of gimbal angular speed control brought by the cou-
pling torque between inner and outer gimbal of double gimbal magnetically suspended control moment gyro-
scope (DGMSCMG) and the nonlinear transmission characteristics of the transmission gear, a nonlinear robust
controller based on adaptive backstepping control method is proposed. Firstly, the effects of the double gimbal
coupling torque and the nonlinear transmission characteristics of the transmission gear on the stability of the
system and the precision of gimbal angular speed are analyzed. Secondly, based on backstepping theory, the
control law is recursively deduced by constructing the suitable Lyapunov function, which ensures convergence
of parameter estimation and global stability of the adaptive system. Finally, simulation analysis and experiment
with small DGMSCMG show that the disturbance restraint ability of double gimbal servo system and the preci-
sion of gimbal angular speed are significantly improved by the proposed method, compared with current feed-
forward control.

Key words: double gimbal magnetically suspended control moment gyroscope ( DGMSCMG ) ; adaptive

backstepping control method; transmission gear; gimbal angular speed; coupling torque
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I<j<w

FE TR W 5 | e PRAR Y B ) 2% 35k PR e R AE
BWE 1 s,

PELT BT A0 R 73] 32 49 A1 £ [0 4% 30 4% b SR ATE 42
Fig.1 Network selection architecture based on

cell attractor selection model

3 % I

ARSCVL B M AR O 8 5, R R
DSRC ( 3% J IEEE 802. 11p #x #E) . WiFi ( %
IEEE 802. 11g F5 #) #l Cellular (% J§ CDMA #5
)3 TP JC Lk 19 28 g B 14 19 28 3R 35 5 T 592 B R 2%
BEFE R B R T 20 QoS 5tk S 5, A 4%
A] A GE N SE R B A R FED H I P, BRI
QoS HFMEZHank 1 fron . il Wit B L 5,
L) Hasswa %5 32 H 1) 3 F 20 bR B0 e o 5 ik
PR B G2, % e 2 M AR 0 0 e KB 3R 7 ik
e GE R HETT I AT

R1 3MMEN QoS HHUESHTEEE
Table 1 QoS parameters setting of three types of

networks in simulation

Y ,
o 28 0 % (M?Hi Ly M/ FER/% BEER/
.S
DSRC 4 50 2.5 200
WiFi 20 110 3 100
Celluar 2 100 2 1000

AL [ 3 M < 1l 55 AL 55 R B
PE %o X 3 Fh N X QoS TR 8 A5

K2 PR, AREER 2 BEALT AR B — A 2 S Y N
M, B — A s 2 o bz A7 19 0 8o A i
3 /\

BORE T IR R de, R 3 45 T 3%
THM S TR B KR SO E . A,
BT 0T BRI TR SR 5 2k 5 B AT AR B I
MEALR 3 ADRF N RAE 5B E N 0.4.0.3
F10.3,

®2 EXEPREEAR QoS &FXR

Table 2 QoS requirements in simulations

QoS TRk #Ehr LTI i WA HoE
g/ TR 64 128 500
(Kb-s™") TER 9 30 128
I R 150 150 120

o} 4E/ms

fi} 4iE / ms o | s 5
. R 8 3 8
AR/ % - 5 | 5

®3 ETHERSIFEZFRIANSHLE
Table 3 Parameters setting based on

cell attractor selection model

28 B 28 BfE
T 1 g 10
B 8 Bi 0.75
y 4 B, 0.25
o 10 5 0.1
n 5 di/s 0.5

R FSCHR[23 ] 45 9 J7 2%, 43 207 Fad # v
2SIk VA KR NN UG K i N DN S )
FRNFE R o WA, SR T BEAT XS L2 B, SR 3 Fib
AR

1) BEARZ 42 ) QoS il K FE 5 45 .

GIGS= (B, * Gqos + B, * GFI)Gub (14)

2) WIZWE IR LR A HE AR

Y QoS, x MTUpB,

ERA =™ (15)
Y MTUpB,

3) P44 U o IE 4 R A E MR AR AT
Jain 25 B VR UR 4 L AR A R34S )

GFIGS = (‘;“TQOSi) (16)

IMT| Y (QoS,)’

PR 2 4t T VRRS 30 25 e B8 1 7
L. T, YT VA AR | T
A L3N 3 7T K 0 T35 T4
BRI 1 %«

A3 MUREUR £ 4 QoS 1 RE 1 6 4 U5




54 1

SLUMGIE 5 BT A I 5| 1 B ML I 1 0 45 38 % 5T 3k 715

ORC R A A A R A PR A BE 45 1 T 2 Bl ST
LR AR . AT, 2 BTk B9 45 B Bl A R ]
F1 FF B T 22 30 B, X e hy TR B AR R R
oy 2% s AN W i 0 24 4 S5 DX I8, 0 2% 3R 305 R RS gl
2 i S KO W /L, B R T R R R R .
A TEL 3 S5 R T 0 I 1 AR A Y
P 4% 30 % R D7 1k B AR AN BE DR IE % B 2% i 7 g —
AP 2 AR RE 1 A R LAY F AR 4%, (HN 42 )R
Rt 1A BRIV A 05 B AR R A R T 4R L T 5
TR AL A PR 5K 5 12 E A% T L % B R A 2 i
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Fig.2  Comparison analysis of mobile terminal

network selection decision index

B3 PR 5 0 4% 42 R 48 b 5T 43 BT
Fig.3 Comparison analysis of swarm terminals and

global network index
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Network selection algorithm based on cell attractor selection scheme

XIA Haiying, ZENG Cheng, CAI Fengtian™ , ZHOU Wei

(Research Institute of Highway Ministry of Transport, Beijing 100088, China)

Abstract. With the development of mobile communication, there are many different kinds of wireless net-
works , such as the internet of things, vehicular networks, and body networks. These mobile networks need the
reliable seamless roaming among a multitude of access network technologies. Any single communication tech-
nology cannot satisfy the requirement of multi-kinds of network services. How to choose a stable network in the
moving environment has become a hot subject in the academic field and industry. A network selection algo-
rithm based on the attractor selection is proposed in this paper. In order to demonstrate the strengths in bio-in-
spired mechanism and provide a deep insight into the difference between attractor selection based and utility
function based solutions, a group decision making method for vehicular network selection is proposed in our
work. In addition, simulation experiment is performed to verify as well as to highlight the potential of bio-in-
spired solution based on attractor selection.

Key words: network selection; attractor selection; vehicular networks; internet of things; microbiology
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Fig.3  Simulation result of state x, without interference
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Fig.5 Simulation result of output y, without interference
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Fig. 6  Simulation result of output y, without interference
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Fig. 10 Simulation result of state x, with interference

B AP7E Ttk y, B4 FL 45

Fig. 11 Simulation result of output y, with interference
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Fig. 12 Simulation result of output y, with interference
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Fig. 13 Simulation result of control input u, with interference
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Abstract: An output-feedback sliding mode control method is proposed for a class of multi-input multi-
output (MIMO) affine nonlinear extremum seeking systems. Firstly, the original MIMO affine nonlinear extre-
mum seeking system is decomposed into several single-input single-output ( SISO) extremum seeking subsys-
tems. Considering the subsystem’ s states are unmeasurable, the control method uses a simple ramp time func-
tion as the reference signal of the subsystem’ s output, constructs the sliding mode manifold by the output
tracking error and the integral of the sign function of the tracking error, and designs the output-feedback extre-
mum seeking control law with sliding mode. The stability analysis shows that the MIMO nonlinear seeking
extremum system with the proposed control method is possible to achieve an arbitrarily small neighborhood of
the desired optimal point under all initial conditions, and all the states in the closed-loop system remain
uniformly bounded. Simulation results are presented to illustrate the effectiveness of the control method.
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Alliance algorithm of converging feedback network on
P2P real-time media streaming
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2. School of Computer and Information Technology, Beijing Jiaotong University, Beijing 100044, China)

Abstract: Quality of service and the services providing ability of system are deeply influenced by unfair-
ness of client contributions, a alliance algorithm based on distance-convergence was proposed by implementing
the converging feedback network in dynamic traffic condition, and it can avoid the unreasonable traffic which
cannot be eliminated by the random-alliance, content-likeness driven alliance and bandwidth-likeness driven
alliance. A node mix distance algorithm was implemented, which combines IP static range algorithm and dy-
namic packet probe ranging method. The node mix distance algorithm can overcome the drawbacks that packet
probing range is easily affected by the traffic fluctuation, the real-time feature cannot be ensured by the client
perception range, and the IP-based range algorithm lacks precision. Moreover, a uniform flow cycle request
collaborative mechanism based on Polling was introduced, which not only keeps the lower-offset merit of the
pushing-pulling periodic requesting mechanism, but also provides enough resilience against transport ability
decline and transport failure. The simulation results show that our mechanism can reduce the probabilities of
unreasonable traffic and the vice behavior of non-contribution, and can provide better performance of delay,
packet loss rate and packet arriving rate than other alliance mechanisms in larger scale.
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Research on automatic tracking system for directional antenna of UAV

ZHA Changliu"?, DING Xilun" ", YU Yushu', WANG Xuegiang'

(1. Robotics Institute, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. North Institute of Computer Application, Beijing 100089, China)

Abstract: In order to meet the requirements of communication of unmanned aerial vehicle (UAV) over a
long distance, the ground directional antenna automatic tracking system has been developed with the UAV
location information to guide. With the real-time acquisition directional antenna vehicle position, velocity, azi-
muth and elevation information, the directional antenna automatic tracking ability in motion is realized and it
enhances the system mobility and concealment. The traditional methods to calculate the target angle using 2
points usually need the information of relative position of the 2 points. The relative position is difficult to be
obtained in real time systems. Thus a novel method is presented in this paper. The proposed method does not
need to consider the relative position of 2 points, which is more convenient in applications. When the direc-
tional antenna is moving with its loading vehicle, the GPS signal is easy to be disturbed, resulting in the loss
of the target tracking. The tracking system has larger motor fluctuation and greater tracking error caused by the
low update frequency of the UAV position. In order to overcome these shortcomings, UAV speed is adopted to
predict the position in order to realize smooth angle tracking and solve the fluctuation, thus the tracking accu-
racy is improved. The hardware and software design of the control system is described in detail. Test results
show that the developed directional antenna has motorized tracking capability and high tracking accuracy and it
can meet the requirements of UAV control.

Key words; directional antenna; automatic tracking; target angle ; smoothing prediction; unmanned aer-

ial vehicle (UAV)
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Fig.3 Power spectral density response of acceleration
measuring points under z-direction vibration of

random vibration test
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{EL) AL I 8] ( per second ) Xof %4 55 451 15 ( 5
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Table 1 Root mean square (RMS) contrast between
identification of level random vibration test and

simulation

x IR g y FHAR g z R g

Wl 5

MR TR B me GE me BA
1 83.065 76.02 42.380 42.11 34.439 29.61
2 69.697 73.45 36.771 46.36 35.044 27.89
3 98.760 88.73 35.243 28.24 31.714 34.58
4 97.140 95.73 34.755 28.05 34.306 34.62
5 4.977 3.81 6.176 4.92 4.358 5.85
6 1.802 2.66 4.310 3.58 3.777 1.89
7 1.724 2.73 5.058 3.60 3.925 2.14
8 1.097 3.35 3.095 4.92 8.112 4.87
9 1.198 5.72 7.257 4.94 8.453 4.81
10 3.824 3.01 6.547 4.49 4.076 5.26
11 1.583 1.68 1.349 1.45 1.620 3.04

MIEL 4 ~ 6 5 HA AT LA

1) FEZal g 25 0F R 3T =l 4 #4544 Von
Mises Ji J3 S B 3 J7 ARAELACRHR AL Hh B B DA
Ui 5 ZIE I o b Q=08 5 N 3 (R 22 30
et b AL ;T 2 W BUE LIl e Ak

2) [ AR N B 7 R ALY O7 AR R OR(E N
12.9 MPa, i T a &b 5y 18 S i B2 A7 36 91 RELEY
T MR KRB 42 MPa, {3 F b Ab 52 18] 4R B A7 2
J1 R TR E R AE A 86 MPa, {37 T b 4k .

Kl 4 xR BE AL IR 53 B = 38 25 44 % 57 454
Fig.4 Fatigue damage of three-way structure under

x-direction vibration of random vibration test
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Fig.5 Fatigue damage of three-way structure under

y-direction vibration of random vibration test

B 6 2wl R BEAL AR Sl 56 — 8 25 44 95 55 B4
Fig.6 Fatigue damage of three-way structure under

z-direction vibration of random vibration test
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Dynamic strength valuation method of pipeline structures under preload
WANG Shuai* , ZHANG Mingming, LIU Zhen, JIA Liang, RONG Kelin

(Beijing Institute of Structure and Environment Engineering, Beijing 100076, China)

Abstract. For the problems of pipeline structures environment test in current aerospace, first of all, we
researched the analytical method for dynamical strength characteristic of pipeline structures under preload and
multiaxial random vibration experiments, and then made clear the difference and processing between differenti-
al stiffness and prestress caused by preload in structural vibration analysis and fatigue life calculation. We pro-
vided an analysis method to preestimate the fatigue damage of pipeline structure under random vibration in
various actual experimental environments, and this method solves the following problems: how the conditions
of actual experimental environment tests srepresent the preexperimental environments and how to estimate the
effects of inconsistency between the actual experimental environments and the preexperimental environments on
dynamic strength of pipeline structures with. Finally, by simulation calculation for pipeline structures, we
analysized the weak points and residual strength coefficient of dynamic strength in pipeline structures, as well
as the fatigue life. The simulation results verify the effectiveness of this method, thus this analysis method pro-
vides engineering guidance for analyzing the adaptability and reliability of pipeline structures in the actual en-
vironment.

Key words: preload; environmental test; random vibration; dynamic strength; fatigue damage
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T A5 AR A 493 BELBE 4 BE A S R, B 1 AR b i R
S5 RIS AR K T 350 T8 B ) RS T O 9%
HEZE RSB RS %

1 KB RETE

1.1 RXexf%

IR A ORI AR, T 1 R
I A R SF 2 365 mm x 308 mm, fifj 5% & N
34 mm, i S5 BIEE A 77 mm SRy T ARS8 52 5 R N
Wi AR RS, ek 1 T 2 FPORRDE K 5
(45 SK1 F1 SK2) i1 2 A [FJE 2 1Y 5 45 (i
1R 12) $e3t 3 45 7, g = 43 5] 24 SKI1-11,
SK1-I12 1 SK2-11, H: v SK2-11 #H & 10 ik %
P, T 0 5% oh i fig £ A9 52 ma ; SKI-11 55 SK1-12
WA 3 I, T 5 SK2-11 X HL AR 5% A 4%
SRR, & A5 a2 K 2
L VTR, S0 AR M RHA £ T300/QY8911,
JEIEFE R 0. 12 mm, 38 3 2 55 0 45 09 B4 kL& 4 dn
%2 R,

F1 AR hifoR &K

Fig. 1 Sketch map of stiffened composite panels

B2 a2 s
Fig.2 Sketch map of stiffener’ s plies

®1 EGMBMEREEEX

Table 1 Ply sequences of stiffened composite panels

HESIE T R
SK1 [45/ —45/0/45/ —=45/90/( -45/45/0),/90/0/ —=45/45/0]
£33 =
Sk2 [45/ -45/0/45/ -45/90/( -45/45/0),/ —-45/0/90/0/45/ 0 ],
11-A [ (45/ -45/0/90 )s(0/45/0/ -45/0 )_1(ih EFITF)
11-B [45/-45/0/90 ],
i 1n-c [ (45/-45/0/90 ) (0/45/0/ -45/0 ) ] (Hi5h5IH)
i1 51 _ —
12-A [(45/-45/90),(0/45/0/ -45/0 ) 1(th L8IF)
2-B [(45/-45/90 ) (0/45/0/ -45/0 ).] (4 FIR)
2-c [45/-45/90 ],

T AB FIC X R &L 2 Af L X

F£2 T300/QYS911 5 & H#HE R RE M
Table 2 Material properties of T300/QY8911 unidirectional composite panels

AR 1 E,,/GPa £, /GPa Viz

G,,/GPa

X,/MPa X./MPa Y,/MPa Y./MPa  S,,/MPa

Bl 135 8.8 0.33 4.47

1665 1362 80 232 90.6

TE B — TR BE 5 By — B R E 50, —TARR FE 5 G oo — S0 BT DI J3E 5 X — G 1 37 A1 500 32 5 X — 20 ] Js 40 5 32 5 Yo — 88 1 o {5 %25

Yo— M1 R4 R 5 S, —HBE 0Y )5 %
1.2 REH*E

Wl FC 9% 8k 2 o e AL AT ok it
5, LRGN 3 s . B AL HLA R 52
FIECHE I i Ak PR G A . HE P LA R 8 i AL
HAHE e R 4R T HILAG AR AR [ 2 4 4 2 A R
D Ab R G0 PR ) R R G R R AR R g FIK
WA RGN SR RGP 2R A bk Y
JE WA s SR R AR O 210 Kz, R 42 1] 1) Bl I 11

AR B AR 5 28 2 LA R A R R 28 B R
A4 BH A Gt W AT % e DAy i (] 8 Al B 4 fik g £
T U R AR R G T Y 2 AME IR AR T LR A sk
v I fih 3 R i B () ) R 2 e B AT
P33 ek gy v BE AT ] HRE & . 275 ASTM i
b R E AR 16 mm R 5. 36 kg (1
[5R] BR JR wefr Sk EA T U o s IR S 17 A% 1) T
W] G R K 5 b 8 I R 7 R v R X
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P ot DX e T 70 % B AT 0, SR aE
PAC /KR C 5 T KM (NDT) 5 45 X i
A S 4 S A 0 R AT A

B3 FC &4 b i 3 pl

Fig.3 FC drop weight impact testing machine
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Ve A [] B B % SK2-11 20 38 56 4 k47 wh i i 56
2.1.1 WREE

SK2-11 23 fin i i 32X 56 4 1M1 ¢ 8 J3E Bl ok o i
HARL I R AN 4 s, a] LIS a8 4 A 1)
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K S5 TR b g R e 0 b o ol
AT DX 38k ) BE R AT LA B b o A G K,
et et BT DX R 450 0 8k A L 7 b o g
KF 25 WENA RN 88 2 5, e s B3 X 27
eI 2, 5k [2 ] h E G M EZ R
LI — .

Pl 4 SK2-T1 21356 P 1M 0 % 5 - o ol G 3R
Fig.4 Relationships between dent depth and

impact energy of SK2-I1 specimens

KI5 SK2-T1 21355 {4 AN ] of ol G At oo ol DX IS MR
Fig.5 Photos of impact locations on SK2-I1 specimens

under different impact energies
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(] (1 728 P 4 0 2 S0 e R, 2 R BRAE o i 42 fih
3 7 5 W L O T A I I ) e 4 ) R I B
ZRTEDT T — By S ) 8K 1o 22 R BB B,
X Sz B T 3 A5 e B e 1 PN AR AT B 2 A dE W
ZURME . B 6 (b) T LAAS Y Bt 5 ol i BE i Y
R B R By B e AW AR K o 5 il 4 i 77 -
B [H] 56 R ANTE] ,20 J 1 25 7 by A & N B o ifi 4
fith 77 -3 B8 A8 A0 5 28 22 S A R, 25 T ol fiE A
e % Ak -0 B 56 Z R T B B 4405 T Y
B AR 3] 25 T ohalv B iR LR 1R 9 R 2y
RS 20 shil REEAH HUA T TR AT,



754 G| A T N N R 4

2016 4F
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Fig. 6 Impact force histories for SK2-11 specimens under

different impact energies
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KRS A5 KU, 5 oh i B = A3 K X%
=Y A NN IS O N AR (W N TR N R TN
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7 SK2-T1 2R 56 14 2 J= 5 A 28 D e 422 fih )
B bk A A A A2 AL
Fig.7 Variation of delamination initiation load and
maximum impact force with impact energy for

SK2-11 specimens
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Fig. 8 Energy profile diagram for SK2-11 specimens
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Fig.9 Test results of delamination area for

SK2-I1 specimens
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Fig. 10 NDT results for SK2-I1 specimens under

different impact energies
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Table 3 Test results for 3 groups of specimens

containing BVID

K ohik LIE5A g SyERE BoKEE
5 fERE/)] WE/mm EA/mm? EHAT/KN O fih ) /kN

SK1-I1 35 1.51 1.707 7.764 9.448
SK1-12 33 1.52 1.609 7.813 8.716
SK2-11 27 1.47 1.721 6.079 7.251

Bl 11 3 28 BVID 86 1 i ohofi 42 fi o7 72 10 D it
Fig. 11

Impact force histories for 3 groups of

specimens containing BVID
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Damage resistance property of stiffened composite panels
under low-velocity impact

JI Zhaojie, GUAN Zhidong* , LI Zengshan

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

Abstract: In order to study the effect of impact energy and structural geometry on damage resistance of
stiffened composite panels under low-velocity impact, 3 groups of I-section stringer-stiffened composite panels
were experimentally and numerically investigated. Drop weight low-velocity impact tests were conducted to
capture the damage characteristics such as impact force histories, indentation depths and delamination areas.
Finite element (FE) models were established based on an anisotropic elato-plastic theory incorporating fiber
failure. Indentation depths of the specimens were simulated by the FE models. The simulated results are coor-
dinated with the tested results very well. The results indicate that there is a knee point for the curve of impact
energy and dent depth of stiffened composite panels. Some fiber breakage at the impact location on the surface
of specimens can be found after the knee point occurs. The maximum impact force increases with the increas-
ing impact energy, while the delamination initiation load and delamination area do not. The impact energy and
the maximum impact force of specimens containing 1.5 mm indentation increase with the increasing thickness
of skin or stiffener while the delamination initiation load only increases with the increasing thickness of skin.

Key words: composite; stiffened panels; low-velocity impact; damage resistance; permanent indenta-

tion; finite element (FE) method
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Table 1 Compensation results with method

in Ref. [17 ]
2% Wik FRDEWAME  LLI-L2 BEAR AR AL AR
Wik Wik T8 BIRT A HRIT
5 0 0.9021 0.8294  0.8790  0.8047
8 0 0.9980 0.9175 0.9881 0.9134
10 0 0.9987 0.9218 0.9939 0.9173
10 5 0.9990 0.9278 0.9987 0.9314

x2 ETFEHUEBETHIMEER
Table 2 Compensation results with

equilibrium position modification

5% mfp  FRRIENAME L2 BRI

MR WO WEIT K BET
5 0 0.9967 0.9862 0.9829 0.9894
8 0 0.9984 0.9936 0.9906 0.9924
10 0 0.9987 0.9962 0.9979 0.9942
10 5 0.9987 0.9994 0.9987 0.9963
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horizontal direction for video odeum
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A full-resolution motion compensation method used for
real-time digital image stabilization
ZHAT Bo, ZHENG Jin", WANG Yue

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

Abstract; With the foundation of inter-frame translation motion of the videos captured in outdoor video
monitoring, a real-time video stabilization method was presented with equilibrium position modification and
adaptive update of storage frames, which can realize the full-resolution video stabilization. Firstly, the Kalman
filter was used to estimate the intentional motion of the camera, in which the equilibrium position of the cur-
rently stabilized frame was obtained. Secondly, the reference frames and subsequent frames were stored.
Based on the spatial coverage of the storage frames, the equilibrium position was modified to reach the full-
resolution in-painting of the compensated current frame. Finally, taking the modified equilibrium position as
the standard, and guaranteeing the coexistence of the storage frames with deviation in upper left, upper right,
lower left, and lower right directions, we substituted the newest captured frames online for the earliest and
redundant reference frames, so the storage frames can achieve the greatest coverage and temporal-spatial corre-
lation with limited storage resource. The presented video stabilization algorithm achieves the full-resolution
stabilization and real-time processing, which can be applied to the integrated and embedded video surveillance
systems.

Key words: outdoor video monitoring; real-time digital image stabilization; Kalman filter; full-resolution

compensation ; equilibrium position
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Performance characteristics of single rotor compound helicopter
CAO Fei, CHEN Ming"

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

Abstract: In order to analysis the performance of the compound helicopter, a performance calculation
model consisting of all the aerodynamics mathematical model parts is established. Based on the calculation
model, using various flight conditions, we constructed the compound helicopter transition flight border, stud-
ied the characteristic variation of flight power from hover flight mode to high-speed flight mode by selecting dif-
ferent routes, and investigated the effects of multiple factors including rotor speed, forward speed, rotor and
wing loading distribution in high-speed mode. The results indicated that the reduction of flight power could be
achieved by increasing the offload lift from the rotor to the wing; moreover, it was more effective to reduce the
rotor speed than reduce the rotor collective pitch, during the compound helicopter transits from hover mode to
high-speed mode. The rotor could not operate at very low speed, which might increase the power consumption
during high-speed flight mode. Furthermore, the low rotor speed could also influence the trim of the aircraft
model, and made its calculation iteratively divergent.

Key words: compound helicopter; mathematical model; transition border; power; offload
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Fig.7 Schematic of inertia and local coordinates
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proximity circle in local coordinate
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based on discrete point optimization method
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Fig. 10  Following simulation for intelligent acceleration

target based on expert rules
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Abstract: With the development of integrative combat, the task will be converted into target following
mode when unmanned aerial vehicle (UAV) finishes searching ground moving target. Complex combat envi-
ronment is considered, and the problem of UAV following moving target in the condition of multi-threats source
are studied. An intelligent target following strategy based on decision trees is proposed in order to ensure the
security of UAV and the precision of target following. Firstly, threat probability map ( TPM) model was estab-
lished. Secondly, the problem how to solve the minimum of TPM was researched. Then, the different rules
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Finally, simulation results demonstrate the validity of the proposed method.
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Motion parameters estimation method of single walking human
SUN Zhongsheng, WANG Jun" , SUN Jinping, ZHANG Yaotian, YUAN Changshun, XIANG Hong

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

Abstract; Radar micro-Doppler of human motion can provide signatures for target recognition. It is very
difficult to extract motion parameters from radar echo of walking human because of its complexity. An estima-
tion method of single walking human’s bulk velocity, gait cycle and cycle length is proposed to realize accu-
rate target recognition. First, the micro-Doppler spectrum of radar echo is obtained using generalized S trans-
form (GST). Then, the micro-Doppler component of torso is extracted, and it is converted into one-dimen-
sional time frequency sequence. Finally, the bulk velocity and gait cycle of walking are estimated directly from
this time frequency sequence, and the cycle length is estimated from aforementioned estimations indirectly.
The simulation results show that the proposed method has good performance of anti-noise and high estimation
precision when signal-to-noise ratio is higher than 4 dB.

Key words: radar; micro-Doppler; walking human; velocity estimation; period estimation
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Table 1 Calculation results of variance-based global

sensitivity indices of Sobol’ s G function

7‘:7/2 Sl SZ S] SIZ SZ3 SIS
SP-UT  0.6427 0.1607 0.0714 0.8548 0.2378 0.7370
MCS 0.6305 0.1563 0.0719 0.9205 0.2396 0.7839

iR 0.6694 0.1674 0.0744 0.8926 0.2479 0.7686

HMCS [k 1.001 x 106,
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Fig. 1 3D plots of mean ratio functions of Sobol’ s G function

2 Sobol’s G pRETT 25 L R B = 2 &

Fig.2 3D plots of variance ratio functions of Sobol’ s G function
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Table 2 Calculation results of variance-based W

indices of Sobol’s G function

77‘ % W] WZ WS WT] W'I‘Z W'I‘}

SP-UT 0.5240 0.2020 0.1056 0.6923 0.3933 0.3252
(0.0062) (0.0066) (0.0052) (0.0084) (0.0084) (0.0059)
MCS  0.5291 0.1615 0.0830 0.7716 0.3966 0.3137
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Fig.3 Calculation results of variance-based modified W

indices of Sobol’ s G function

P4 A9 TR UG e TR R Y 24 (L L PR R = A 4]

Fig.4 3D plots of mean ratio functions of reinforced concrete beam
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Table 3 Distribution parameters of random

variables of reinforced concrete beam

x5 WHBRIPEMNETHEN WIERHNITESER
Table 5 Calculation results of variance-based W

indices of reinforced concrete beam

Ik Wi Y W, R Wr'(. Wop Y W . W'I'I-'(.

AR ¥ BRRE A
Fy/(kN + em™?) 44 0.105 EZ
A_/cem? 4.08 0.02 E&
F./(kN « em™?) 3.12 0.14 EZ

SP-UT 0.7509 0.0187 0.0372 0.9417 0.1698 0.2245
(0.0027) (0.00023) (0.016) (0.002) (0.0036) (0.0036)
MCS 0.7784 0.0155 0.0361 0.9457 0.1268 0.1966

*4 MHRBERLIPEMNETHEN
ERRPEERITEER
Table 4 Calculation results of variance-based

global sensitivity indices of reinforced concrete beam

Jrik Sy Sa, S, Skya, Sryr, Sar

SP-UT 0.8424 0.0304 0.0805 0.8767 0.9231 0.1169
MCS 0.8686 0.0312 0.0871 0.8988 0.9575 0.1221
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SR SR LIS B e R SR S I8 A 4 R i 2
JRy P BA) AR LR TR AT 2 T i AN i A B i e K
(1472 gk, PRk, l LT a9 A HC IR Ok {1 i
AR B

S A IR R e R 5 A Y 5 2% bl e B = 4 [

Fig.5 3D plots of variance ratio functions of reinforced concrete beam
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An efficient method for estimating various variance-based
sensitivity indices
YUN Wanying, LYU Zhenzhou" , MU Shanshan

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

Abstract: In order to simultaneously estimate various variance-based sensitivity indices, a method is pro-
posed by combining space-partition idea and unscented transformation (UT) method, which can estimate vari-
ance-based global sensitivity index ( Sobol index ), variance-based regional sensitivity index and variance-
based W index by repeatedly using a set of UT samples. Besides, a modified variance-based W index is pro-
posed, which can analyze the sensitivity of the model input variables comprehensively and reasonably. What’s
more, the modified variance-based W index includes both the original one and the variability of effect on the
variance of model output when the model input variable is fixed in different intervals. Thus, the modified one
more reasonably reflects the average impact on the variance of the model output when model input variable is
fixed in different intervals. The results of numerical and engineering examples illustrate the accuracy and effi-
ciency of the proposed method and the reasonability of the modified variance-based W index.

Key words . space-partition; unscented transformation( UT) ; Sobol index; variance-based regional sen-

sitivity index; W index; modified W index
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Fig. 1  Structure sketch of torque axis
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Reliability robust design of tracked vehicle torque axis with
multiple failure modes
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(Artillery Engineering Department, Ordnance Engineering College, Shijiazhuang 050003, China)

Abstract: Several potential failure modes may occur when tracked vehicle torque axis fail, and therefore
it is necessary to take each failure mode into account as reliability sensitivity estimation is performed. A relia-
bility sensitivity analysis method for mechanical components with multiple failure modes is proposed. Concern-
ing the unknown distributions of random variables, the random perturbation technique and the fourth moments
method are employed to respectively calculate the first four moments and the reliability index of each perform-
ance function of the failure mode. According to the characteristic that the overall fails when a failure mode
occurs in mechanical parts, the mechanical parts reliability calculation method with correlation between differ-
ent failure modes is determined. The calculating formulas of reliability sensitivity with respect to the mean and
variance of random variables are derived with the gradient method. According to the result of reliability sensi-
tivity analysis, we put forward the model multi-objective optimization design of mechanical parts with multiple
failure modes. The numerical example illustrates that the proposed method could quickly and effectively esti-
mate the reliability sensitivity of the mechanical components with multiple failure modes, and could optimize
the mechanical robust design.
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Table 1 Added mass coefficient of sphere in
infinite region

s vy BT sB cHTE
R
(1,3,-3) 0.5 0.49652 0.69624 0.49733 0.53384
(1,10, -10) 0.5 0.49650 0.70002 0.49728 0.54339
(2,3,-3) 0.5 0.49664 0.67206 0.49736 0.52848
(2,10, -10) 0.5 0.49676 0.64724 0.49744 0.51122
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Table 2 Added mass coefficient of entry step

I 4 i J5i 2 2R A
JK T /m

2 A Aes A A
y=-0.7 0.93333 0.08493 0.04638 0.85972 0.00784
y=-0.5 0.80000 0.07505 0.03676 0.72475 0.04274
y=-0.2 0.60000 0.07384 0.02787 0.48260 0.07458
y=0 0.46667 0.07256 0.02686 0.32970 0.07130
y=0.2 0.33333  0.07034 0.02227 0.18918 0.05189
y=0.5 0.13333  0.05900 0.00551 0.03398 0.01088
y=0.6 0.06667 0.03843 0.00232 0.00905 0.00258
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Table 3 Added mass coefficient of separation step

T ik 4 B % 12 2R 5K
JK T /m

= A Ass Ay Asg
y=-0.7 0.06667 0.01864 0.00696 0.01026 0.00427
y=-0.5 0.20000 0.04200 0.01637 0.07041 0.02728
y=-0.2 0.40000 0.05400 0.03517 0.23544 0.07206
y=0 0.53333  0.05615 0.04015 0.37870 0.09240
y=0.2 0.66667 0.05740 0.04127 0.53349 0.09616
y=0.5 0.86667 0.05859 0.05014 0.77690 0.06462
y=0.6 0.93333  0.06038 0.05565 0.85279 0.04632
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Fig. 8 Depth-varying coefficients of axial added mass
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Added mass of trans-media moving object
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Abstract: Trans-media moving object was equipped with outstanding advantages in multiple fluid media
environment. However, its moving characteristics were hard to predict because of the free surface problem and
complex stress. Added mass method was common to solve fluid-structure coupling problems in engineering,
but the existing conclusions could not be extended to trans-media process with free surface. A new method was
proposed aiming to solve the time-varying added mass problems in trans-media process. Changing laws of add-
ed mass of some cylinder were studied, which lied in different depths in both separation step and entry step of
the trans-media process. It is shown that the two steps have same changing trend and similar depth-varying
curve with the depth varying; in the same depth, normal added mass of separation step is near to that of the
entry step and both depth-varying curves have linear characteristics; as for axial added mass, added inertia
moment, and added static moment, the results of two steps in the same depth are different obviously, so the
two steps are irreversible. The proposed method is helpful for design of trans-media structure, and can be ex-
tended to other situations of added mass computing with free surface.
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Fig. 3  Filling results of solar wind velocity in

2000 based on M-SSA
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Fig.4 Filling results of solar wind density in

2000 based on M-SSA
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Table 2 Comparison of filling results for solar wind

parameters with different geomagnetic indices in 2000

Vel Dr‘n
ZH
R,. c,. R,. c,,
K, 52.0783  0.8090 3.2212 0.6307
A, 61.5872  0.7374 3.4892  0.5388
Ag 60.0820  0.7300 3.4653 0.5483
K, +4, 59.1568  0.7569 3.4649  0.5689
K, +Ag 55.2549  0.7802 3.3659  0.5867
A, +4y 59.6601  0.7506 3.4399  0.5608
K, +A, +A;  57.9505  0.7577 3.4248 0.5675
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Fig.5 Filling results of solar wind velocity in

2009 based on M-SSA
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Fig.6  Filling results of solar wind density in

2009 based on M-SSA
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Table 3 Comparison of filling results for solar wind

parameters with different geomagnetic indices in 2009

Vrl Drn
ZH
R,. C,, R,. C,,
K, 30. 8736 0.9134 2.2976 0.7176
A, 29.8446  0.9040 2.3087  0.7103
A, 32.5119  0.8918 2.5201 0.6487
K, +4, 27.8631  0.9183 2.3029  0.7336
K, +4, 29.0797  0.9085 2.2294  0.7282
A, + Ay 29.0546  0.9050 2.3428  0.7012
K, +A, +A,  29.3437  0.9071 2.2811 0.7214
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x4,

F4  KPAREEE A E L6 ERK BRm A 45 RRT L
Table 4 Comparison of filling results for

different ratios of missing values for solar wind velocity

Bk el % R, Con
10 23.6474 0.92192
20 27.5244 0.9025
30 27.9738 0.8928
40 29.6553 0.8853
50 31.7097 0.8592
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Gap filling method for space environment data based on
singular spectrum analysis
LIU Shuai', LI Zhi"* , GONG Jiancun®, LIN Ruilin®, MA Zhihao'

(1. Department of Space Command, Equipment Academy, Beijing 101416, China;
2. National Space Science Center, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: The space environment data is known to be nonlinear and non-stationary and often contains
missing values, which brings great challenge to the model-building procedures, predictions and posterior anal-
ysis. To fill the data gaps, a new gap filling method based on the iterative singular spectrum analysis ( SSA)
algorithm was put forward. The new method considered the distribution of missing values by extracting a distri-
bution array first and used the array to generate the test data set. The discrete particle swarm optimization algo-
rithm was adapted to obtain the two key parameters of SSA | i. e. the embedded window size and the number of
principal components. Taking the solar wind parameters and geomagnetic indices of different solar activity
years as examples, the test results demonstrate that the filling method is effective.

Key words: singular spectrum analysis ( SSA) ; discrete particle swarm optimization algorithm; gap fill-

ing; space environment; time series
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Fig.4 Illustration of pattern recognition technique for

tracking wing-tip vortex core center
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8 1.159 1.109 1.658 1.663
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Fig. 10  Comparison of non-dimensional frequency of

wing-tip vortex core oscillation
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Frequency measurement of wing-tip vortex instability by flow visualization

XUE Dong, PAN Chong, LI Guangchao”

(Fluid Mechanics Key Laboratory of Education Ministry, School of Aeronautic Science and Engineering,

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

Abstract: The accurate measurement of the dominant frequency of wing-tip vortex core oscillation is
essential for controlling the wing-tip vortex. In the present study, the instability of wing-tip vortex, which is
generated from an elliptical wing, was investigated under low Reynolds number via flow visualization tech-
nique. Point-wise spectrum method and dynamic mode decomposition were applied to extract the dominant
frequency of the short-wave instability of the wing-tip vortex core from the flow visualization image sequence,
and the maximum relative error of these two methods is less than 5% . The results show that short-and long-
wave instability modes are developed simultaneously among the vortex pair; the high-frequency vortex core
oscillation is coupled with the slow side-to-side movement of vortex tube, and the former is the main energy
mode; the non-dimensional frequency of the short-wave instability increases with the increase of Reynolds
number, and decreases with the angle of attack increasing.

Key words: wing-tip vortex; flow visualization; short-wave instability; frequency; dynamic mode

decomposition
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Diagnostic strategy building method based on MDP
LIANG Yajun', XIAO Mingqing" ", SONG Haifang', YANG Zhao', LIANG Peng’

(1. Aeronautics and Astronautics Engineering College, Air Force Engineering University, Xi’an 710038, China;

2. Unit 95503, Chongqing 402360, China)

Abstract: Aiming at the problem that by the traditional method, it is difficult to get the global optimal
diagnostic strategy of the complicated test system in fault detection for ignoring the uncertainty factors in the
test execution and lacking of the long cycle optimization mechanism, a new diagnostic strategy building method
based on Markov decision processes ( MDP) is proposed. The process of fault detection and isolation is
expressed as a Markov process; the unlimited discount model of the utility integrated criterion function is struc-
tured through the discount factor and objective weights; the global optimal diagnostic strategy is obtained with
the policy iteration algorithm. The example shows that the test uncertainty factors are well considered, stable
optimal strategy of overall situation can be achieved by this method, and the fast fault detection and isolation in
the engineering practice can be guided effectively as well.

Key words: diagnostic strategy; Markov decision processes ( MDP); fault detection; policy iteration

algorithm ; strategy optimization
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Fig.6  Comparison types of of RCS fitting curves for

both types of stealth aircrafts

2 Fh KR Pa B CALAY RCS 2010 e B A
SR ETER (I

1) 2 FhIS A B2 B K HLAY RCS SEPR 43 A il 28
PR U 1) B 3l N B L 98 R AR, I T B B TRL
RCS WUMRME R R, H T IR &5 KHLAYME RCS
R

2) 15 BLA Hh R A, R O 4 A X g
LA BT, X BCIE 385 43 A A7 7 6 WA Ak Tk =
B, HORCS (BRI, 400 A 06 (H 1 Ry, 32 Ly
MEOES N MERA N AL S A &SR, 7
i £R IG5 9 RCS R{E X B (RCS R T 1 m® 1)
M aBor) , M IES MM E SR T~
A .

3) WA Ih 4 5 52 bR o A th e Wy & 2
J | Bayesian-MCMC 77 % I £ 55 J7 1 51 45 1 2
B, HiE H T 2 Filg R, X2l TSR
e o BB R L SR A RO B SRR AL =
B, B B AL RCS AUIRAE R AR FE 1k & 2 BAh It
WZE K, Bayesian-MCMC J5 ¥4 38 i #4 1 5 /K 7]
TG TR B 2 80, B A BT A R R
BOMSE p, LA i 26 10 {5 H 52 i {1
Bir ., fFMh (S ) RCS & E X 8,2 Fh oy
LA B R AT

T S R G0 B A g i — 2 L b 2 b
7 W BLA R B
3.3 HEAEMRERE

H A SO KR 7 A A RO EROE 38 o A AN
[ 2Rk I8 2, A ok I SCHR [ 7 ] 09 3E 2 50k 56 7
L 2 A TIEMBEL AR E, B IREAN
A h

Z [pi = bl ¥

e ; x100% = 3 | p, - p,|x 100%
i=1

Zpi

(21)
o ip,  RCS ¥ i 2092 ME SR 00 A s p, W A&k
FRABETRY AR T B AE 2R 43 A 5 N, k43 A il 2R 8 K1) 40 19

No

BELH ZP,- =1,

Ko &5 R N2 2 Froi, HerboRs B2 ol 3 e ) e
2 PR E IR 22 Z R LML G OT A A IR 2
FieAS o oA ae 2 Al ke AR AR R T 5, B0 ) 1Y
X BT 285 7 A A R ) UL 5K v T R T 0 A
B, DR Sy b 50T 285 A1 5 2R 0 e (L il £k i L
RORAS UL T J7 o0 A LR, 4 0 (i 45 3 24 3 U
A GE ROk et — SRS A R E . WS 7



856 G| A T N N R 4

2016 4F

LM, BT Bayesian-MCMC J5 3% 19 if £ 40 & %
ZEXINTALGETT UL 1R 22, 0 2 e AR A Y
4 005 K6 B B4 B8 e 491 180 50% LA L, B
BB S 7040 9 $L5 K5 BE 38 SR

®2 2HERERHBEIRE
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Optimization on stealth aircraft RCS models using
Bayesian-MCMC estimation
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Abstract: When statistically modeling a stealth aircraft, conventional methods estimate characteristic pa-
rameters via calculating the statistics of radar cross section (RCS) directly, which may lead to relatively large
fitting errors. Therefore ,we introduce the Bayesian-Markov chain Monte Carlo ( Bayesian-MCMC) method to
improve the parameter accuracy so as to reduce the fitting errors. The posterior parameter estimators of the
Chi-square and lognormal models are derived in the Bayesian framework. Then the MCMC sampling algorithm
is adopted to calculate the parameter estimates by constructing Markov chains. Numerical results show that the
estimation errors of the proposed method are 1 —2 orders of magnitude lower than the error convergence thresh-
old. Besides, the proposed method is suitable for both target fluctuation models and improves the curve fitting
accuracy by more than 50% .

Key words: stealth; radar cross section ( RCS); fluctuation model; Bayesian-Markov chain Monte
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Fig.1 Schematic of space manipulator structure
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Table 1 Comparison of estimated relative errors

using fixed-end vibration signals %
KA B 15.84 0.11 3.83
A Bk 17.01 0.25 6.45
GM(1,1) 38.22 1.69 13.56
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34y il T K B By AN [ EAE K CF

(80% ,90% ,95% ,99% ) T X} i 3y s ¥ 5 2y 3%
WX A (m =8,B =1000,0Q =12), J
W BRA Gy Bk T3 5 Ha, IS O 10 ~ 1200 Hz,,
T UMUK A B 7 2 A DR AG T B O3, H K
HEb T kS B BE AT e, RIRERY, AN [R] &
K- (80% ,90% ,95% ,99% ) Xt % 2 i 4%
DA% B B AT X[ A 31 (m = 8,8 =1000,Q =
12) . A B EFE X EAG X, X, ] K 4
BER o

B3 KA BT 5 B B XA AG 3

Fig.3 Estimated intervals calculated by grey bootstrap method

B4 Akt B 6y X )t

Fig.4 Estimated intervals calculated by bootstrap method
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Kol A5 B, Bi 42 e 71 B9

KIS Sk B B 7 k5 B BEAE A [R] 05 B UK
PN DR T A A A R 25 e PR T
Or AR EE S bR oy e on Al SR B A 22 . AT LA
A EAEE KT, A Bk XA ] 4
JEE i 2 ARAR IS, K B B 7 2 DX Ta) A 3 09 T 5 EE
ZEHRAR/N

F 245 I T Sh AR S A5 S Ak X1 o
FeB . LA FEA RS BEOKSR KA B J7
TR DT AG T A BE L B Bk s, DX TE] A T v
=T 97% o

Fs KA BT kS A Bk KRG T 09 T 48 B2 0w 22 HL 8
Fig 5 Comparison of estimated interval reliability

deviation by grey bootstrap method and bootstrap method
®2 EHBIRHESHITREEABELR
Table 2 Comparison of estimated interval accuracy

using active-end vibration signals

P,/ %
P/% - -
1 Bk KA By
80 67.58 97.99
85 69.87 98.11
90 73.98 98.89
95 75.12 97.92
99 75.01 97.47

2.2 HIEEIE

AR K A B 7 ¥ B RO, LS 18] BB R
H HA I 4 20 D 2R 38 % B o ), #E AT B AR TS X
7K fim g e

&6 25 T ANE X A i iR s 155 1 2 A0
fhiHFIfl TR 22 (m = 10,8 =500,Q =10) . i, 4
IS HE) R 3 He M EL S 6 ~ 600 Hz, ] LUE
0T A b R 3h T A % R R , K B B A
(EAGTTRCR B A B2y AR 2SN

23 451 T B IR IE T AR AR T AR 5
ZEWH ., WTLLE X T A ik 3 2 R0k %

o
Bl , K A BT G T RCRABAR B, P S A X R 22
HA73.08% ,/NF 5% 50 0F T K H B kX Z 15
K25 [ ML B BLAR S0 A5 5 ELARLAN T A R

AR, Lhas R ALARE B R i I 30 D) 2R 3% %
BER . 4 B T AR EAEEAKE XA H
s 4% 2 45 5 X [E] A i1 (m =10, B =1 000, Q =12)
WIHERGEE . T LAE 6 T A o 4k 2h 0) 5% 2%
BE S EAN TR EAR BE KRN K H B 75 2 B DX ) Al
WERRE L A Bk, TR AG TT oE F 97%
BUE T K A B 773k Z A5 B A (R LA Bl LR 20
15 5 X [AAf - A 200k

6 ARyt B msmiRah S i JEA AR 22
Fig 6 Estimated values and estimated errors of free-end

vibration signals by different methods
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Table 3 Comparison of estimated relative errors

using free-end vibration signals %
ViR E o E k.,
K8 Bk 12.59 0.02 3.08
A Bk 20.94 0.10 6.22

*4 BHHRRIESHETXEEABELR
Table 4 Comparison of estimated interval accuracy

using free-end vibration signals

P./%
P/%
A Bk KA B
80 69.16 97.01
85 75.87 99.74
90 79.81 99.01
95 79.91 98.61
99 79.69 97.33
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Estimation of space manipulator random vibration signals with
poor information based on grey bootstrap method
WANG Qiyue', WANG Zhongyu" * , WANG Yanqing'>, YAO Zhenjian'

(1. School of Instrumentation Science & Opto-electronics Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. Academy of Opto-Electronics, Chinese Academy of Sciences, Beijing 100094, China)

Abstract: The classic statistical methods based on statistical theory can not solve the estimation of poor
information data. A novel method based on grey bootstrap model for space manipulator random vibration sig-
nals with poor information was presented. The random vibration measurement data was processed by the boot-
strap sampling. The bootstrap sequence was derived from the bootstrap distribution, and then the system theory
was used to establish a bootstrap model. The true value and the interval of the space manipulator random
vibration signals with poor information were estimated. grey bootstrap method is compared with grey method and
bootstrap method. Experimental results show that grey bootstrap method has high accuracy. The validity of the
proposed method is examined. The mean value of estimated relative errors are less than 5% , meanwhile, the
estimated interval accuracy calculated with different confidence levels are more than 97% .
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