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Constant-force curved-surface-tracking with robotic manipulator
based on adaptive iterative algorithm
LI Lin, XIAO Jiadong, ZHANG Tie" , XIAO Meng

(School of Mechanical & Automotive Engineering, South China University of Technology, Guangzhou 510640, China)

Abstract: This paper dealt with the fluctuation and instability of contact force that isgenerated between
robot end-effector and environment during the process of robotic grinding, polishing and deburring. In order to
obtain constant tracking force, the contact force is generated by robot end-effector onto the workpiece surface is
analyzed and the mapping relationship between the contact force of robot end-effector in real contact conditions
and the known sensor coordinate system was built. Meanwhile, a hybrid force/position control scheme based
on adaptive iterative learning algorithm was proposed to compensate the robot end-effector trajectory offset. The
control method is composed with two steps. An iterative learning control law was designed based on the impe-
dance model of robot-environment in dynamic interaction task. This control law coped with the unknown pa-
rameters and disturbances by adding the iterative term to the PD feedback structure. Meanwhile, a Lyapunov
energy function was designed to prove the convergence of the control law. The adaptive iterative learning con-
trol law was then combined with the force/position hybrid control method to design the constant-force curved-
surface-tracking control scheme with robotic manipulator. The experimental results show that after 15 times it-
eration, the fluctuating range of contact force becomes small gradually and is within +3 N, which illustrates
the effectiveness of the designed control scheme.

Keywords: robot; curved-surface-tracking; constant-force control; hybrid force/position control; adap-

tive iterative learning
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Design of prescribed performance backstepping control method for
hypersonic flight vehicles
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(1. Air and Missile Defense College, Air Force Engineering University, Xi’ an 710051, China;
2. Graduate College, Air Force Engineering University, Xi’ an 710051, China)

Abstract: In order to solve the flight control problem of the air-breathing hypersonic vehicle, a new de-
sign method of neural inversion controller with prescribed performance was proposed. By constructing a pre-
scribed performance function, it is ensured that the velocity tracking error and the altitude tracking error can
converge to a desired area according to the prescribed convergence speed, overshoot amount and steady state
error, and satisfy the preset transient performance and steady state accuracy of the system. Under the back-
stepping control design structure, the radial basis function (RBF) neural network was introduced to approxi-
mate the model unknown function and uncertainties, which improved the robustness of the control system. On-
ly one parameter of the introduced RBF neural network needed to be updated online, which effectively im-
proved the control accuracy, avoided the “differential expansion problem” in the backstepping control meth-
od, and reduced the burden of calculation. Finally, the simulation experiments verify the effectiveness and
feasibility of the designed control system.
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Fig.3  Analysis of factors affecting rolling moment
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Analysis of factors affecting catapult take-off of carrier aircraft and
design of lateral control law
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(1. Control and Engineering Department, Qingdao Branch, Naval Aviation University, Qingdao 266041, China;

2. Trainer Simulation Training Center, Naval Aviation University, Huludao 125001, China)

Abstract: The various factors affecting the carrier aircraft catapult take-off safety are analyzed in detail.
The nonlinear six-degree-of-freedom motion model of the aircraft in climbing phase is established. The effect of
the rolling and yaw motion and crosswind on the catapult take-off characteristics is simulated and analyzed,
and it is found that the main influences on the rolling and side-slip movement of the carrier aircraft after leav-
ing the ship are the deck rolling motion and crosswind disturbance respectively. The nonlinear dynamic inverse
control method is proposed to keep the nonlinear features of the model, make the result more precise, and
realize the decoupling control of directional and lateral motion states. The simulation result indicates that the
designed lateral control law can ensure that the rolling angle of the aircraft meets the safety criterion of not ex-
ceeding 5° within 3 seconds after leaving the ship and that there will be no obvious side-slip phenomenon due
to crosswind disturbance, which can guarantee the safe take-off of carrier aircraft.
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Unsteady flow characteristics of dorsal inlet under low-energy inflow
LIU Zhimin', YAN Panpan®, ZHANG Qunfeng” " , LI Xingzuo', SUN Chao’

(1. School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China;
2. School of Civil Engineering, Beijing Jiaotong University, Beijing 100044, Chinas
3. Shenyang Aircraft Design and Research Institute, Aviation Industry Corporation of China, Lid. , Shenyang 110035, China)

Abstract: To improve the dorsal S-shaped inlet flow performance of low-energy inflow. The flow fields of
both original and improved dorsal inlet were studied by using improved delayed detached-eddy simulation
(IDDES) method,and the mass flow and pressure fluctuation characteristics of the two inlets were compared.
The results show that, influenced by the fuselage, airflow turning angle near the inlet lip is very large and this
will cause the formation of separation bubbles. The intensity of the separation vortex at the lip of the original
inlet is very high. When the separation bubbles with high energy break down at the top of the inlet, massive
high-strength vortices are created. These high-strength vortices aggravate the separation near the inlet top and
cause fierce pressure fluctuations inside the S-shaped inlet. The amplitude of the sound pressure level can
reach 145 dB. The strength of separation bubbles inside the improved inlet issuccessfully decreased, which en-
larges the effective flow area of the inlet and increases mass flux. The pressure fluctuations inside the S-shaped
inlet decrease and the reduction of sound pressure level is up to 8 dB. Meanwhile, the comprehensive distor-
tion coefficient decreased by 9.5% which improves the characteristic of outlet flow field.

Keywords: dorsal S-shaped inlet; separated flow; improved delayed detached-eddy simulation ( ID-

DES) ; pressure fluctuation; flux
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Dynamic real-time star map simulation based on convolution surface

YAN Jinyun', LIU Hui', ZHAO Weiqiang', JIANG Jie> "

(1. National Institute of Metrology, Beijing 100029, China;

2. School of Instrumentation and Optoelectronic Engineering,

Beihang University, Beijing 100083, China)

Abstract; The multi-star simulator dynamically displays star image in the sky map and is the key device

for testing a star sensor. As the star spot in the star image smears under dynamic conditions, it is necessary for

the star simulator to accurately simulate the smeared star image in real time. First, the convolution surface

model of the smeared star spot is established. This model is a convolution of the point spread function and the

weight function along the star spot trajectory, and can represent any smeared star spot moving on the image

plane. Then, a pixelating algorithm based on the convolution surface is proposed to improve the real-time per-

formance of the star image simulation. The algorithm separates the trajectory into tiny arc segments, calculates

pixel values of star spot at each arc segment, and sums all the spots. The pixelating algorithm turns multiple

integrals into simple operations, and increases the simulation speed by nearly ten times, with a refresh rate of

30 Hz for multi-star simulator.

Keywords: star map simulation; star simulator; star sensor; convolution surface; smeared star spot

Received: 2018-07-13; Accepted: 2018-10-15; Published online: 2018-11-02 10:08

URL : kns. cnki. net/kems/detail/11.2625. V.20181030. 1042.001. html

Foundation items: National Natural Science Foundation of China (61505191,61725501 ) ; Project for Improvement of Quality and Technical

Supervision Capacity ( ANLI805)

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



2019 4 4 H
F45 4% H4

tEMEMRKEFFR

Journal of Beijing University of Aeronautics and Astronautics

AL HLF W

S April 2019
_ﬂ 5 P
i L Vol.45 No. 4

http: // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2018. 0447

jbuaa@ buaa. edu. cn

ETEHEENRZIESEL AN BIRIRA]
MR, EN, BRAET, FH
BYESY e koo, o 0008, 2 AR A SRS TR T 100085

3. WEMTE K, A 264001)

i B O ARERZZ 2, EMNAFEEERNEANEAANEH I RS EEE
BE,RET —METEHEANREELELANERRE T &, Eh T A ERRE T &N
Rk, X BLSMBHBRBENRANF K BERFES ;K G, XTEHEHEAH
TERBE AE ARG BB ARIAMNE R, UL HEFBAA LS HE W HAHRE
W7 EHEREEEREH BB G MR B3 {7 BB AL KR S ALE & S #dE
WA TRTERGERFAR P RELANERHA R G ERF, - PRI T EARME

Ao s A
x # A
mESES. TN959. 1
SCERPRIAAS: A

Wt % JC AL CUAV) 0l (9 3R A & &, i 4F
K, E 2 AN HL Y % B AL A
FEIE ORI AN R 2 R R L L5
AR DX AR s R B 1 B, B A A A
O TE o AR AR S PRI B A 22 (]2 7 3 £
11028, LR AALAARER A9 IR /N H A5 il Al
HEVERAEG AT XA AT AL, TR
5 Bl SR A A =8 PR 58, W HR 1)
o X 15 AR X 38R 1 TG AL 3 AT A R T SR
AR E R H AT E RE AL 55 95% LA B i iH 2
FICNHL, TR A AL 5% 19 3E G VETE AHLE AR
725 9 1 1) R A R A

AT, S8 9 Ak A P JC A HL H AR 500 £ R 41
FEOL AL Togk i T P o R IR SR B EOR T B
BRAHRE AR Hoh, T L T B A AT
A BTN BN T ALRAE & X T A K G TR LS
Y ERERT TG, A REA AL K B Ot AR I B

EHBEA; BAN; HAR; BAl; F&

XE4HS: 1001-5965(2019)04-0687-08

& B AR5 AT AE L3 AR 5) 2 3R B & T4,
FLARIN B A BR 5 5 DRI E AR B 52 s 2% 1)
R0 TR BTG AR B4, (E AR 5t 05 5L
SiR P B 358 R XE LS 2 RN RS AL B Ok
Y, TIA A B ARG AN LA J2 BT B s o
R AT e R 0 25 [ By A % 22 4 00,
JU BARE G TR AR T ARAR /N H bR A A R
RCREAN K 1 [ AL (R TR AT 2 X s H s 4 00 11
BERE,

FEAR S B, € BRI AL H AR Ak 32 2
N i N E R A S WG INER 7 723 I Po b L
ZEXFIC MUK Sy J Bt AT 0 2P, kKR
By HARE N A WA B o — B B0, B KA A
— R T B, ACRERI H A 00 0 B AL B L A
5 MELUG H bR #EAT A 850 R ARG . H AT, i
TR 0 AATLER I AR 8K O v B AR AR K R 48
4+ 78, A2 I8 R BLIC AL H B IS i R S 6

Wi BEH: 2018-07-25; A HHY: 2018-10-17; M4 HARATIE : 2018-11-20 13 .45
W 48 H R b3k kns. cnki. net/kems/detail /11.2625. V.20181116.0948. 001. html
E&WMAB: HEARB¥ELZT R S-PERANZE R RGPS (U1633122) ; [H K E s B &4 (2016 YFC0800406 )

= BI51E&. E-mail; chenwsh@ mail. castc. org. cn

Sl : gL, AE, Ak, ¥ ETEHEAHRZELSFERANEAFRAI]. XA EMAAFFER,2019,45(4) : 687-
694. CHEN W S, LIU J, CHEN X L, et al. Non-cooperative UAV target recognition in low-altitude airspace based on motion model
[J ]. Journal of Beijing University of Aeronautics and Astronautics , 2019 , 45 (4 ) : 687- 694 (in Chinese ).


qwqw
新建图章

http://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK201904006&dbname=CJFDPREP&uid=WEEvREcwSlJHSldRa1Fhb09jT0pjeGxDOXJqYkFZVVkyTThzWm5rNEFoVT0%3D%249A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

688 b5 M = MK k% F M

Ae At 4R
NEEEE

2019 4¢

W E R R G A R, Hoh T &
A B, 2 HL A 4 00 S ) BE B 1 A e o
s R B (07 5 G H B A 78 16 3 B A 1 T 2
D7 WAEAE R AE o 3 A7 Kk T 9 2 1 3k 4 T e
LB B R B B APL B AR I R BF 5T
AT IE 58 F T 75 2 0 30 6 0 194 42 J8 e 38 6 A
HL, T 180 3 13058 1) A /N 50 T A WL (i o 3G R
) L5 i AT A S AR

%k A 15 A, A% SR P DU 15 R i
P B AR 81315 B B AN KB H
PRIBE TR 2 5, B T — B I T S R Y
K2 A ET AN S HFRRBI . %7 ik
I7) i} 5 T 22 12 Sl A A AT TE AL K H AR ER
B R AT R SRR (Y B R, L) 4 g 3
5 TR A Y2 45 I IV A E BRARE 2R 1) J 2 4% i 0F B it
F 1B B5S TR A) 8 A R, HE T X 20 RS R A
HLE bR

1 HEWNEISSN

G2 RS bR 9 B R AT B AT
JESERAAE AR RS /N T B I, BUA YIRS
M LR TR LA DX g, 7 R D /N B T AL 5 5
BURE . ASCIRI T — Bl Tz s R i i /N Y
TG RS B R RR 5 i, RERE S B 5 25+
P H AR, R THE R R ERRCR . AW E o s ik
1 BEAS LR, HE T 1 A a2 B A 70 ) 2 7 5 R AR 4
Bk
1.1 FERERI

ARSI ik I 22 B AR B R | 22 4 R A R
PR, H bz A W H AR I 3 R AE 2 S
4 DB RR IR AR H Bz Sl 58 1Y % 10 R 4
FARRAE, A 0 /D RTE APLE AR S K H
PR ITEVRRUNIE 1 Bros . BA B H bR ERER T5 ik
i N7 H ARz g R HURL B AR IR S (E B OF
AR B HARR ST IE, HH LT
P e BRGNS BE , E i H bR i) B Sz iR A o A3
Tk HARANAE T 32w BRSBTS B H
PRI 328, X B A H AR BR B2 D7 35 I 09 40
JE AL A
1.2 EFEER = T SR

1) ZH R H bR B

T8 H bR (12 gl id # bl BE B 2 Az
S PR — I %, A H AR ERERR ) n B
RUIAT AR 8GR A b — i 20 B A 0l e A
AR 25 Al T, AR A B b AR R I 0 U B0 0 4R
FM

H it

| ZeowHpmRs

I

| zsummsem

I

I

I

I

BARIE AL

B 1 EANLE S B AR R ki AR
Fig. 1 Flowchart of recognition method for

UAV and flying bird targets

FEANBIED MR M TE kI IR AR

AT
Ej = Zpij”’;wl (1)
=1
i1 i
M = 7]317,‘%71 (2)

o, k-1 B 2R MR e, I —
S HGAET — 0 20 B8 M e 3 BIRTAL M 1Y
BERER A

Py = (MM
RIE AR IR PR RS A
mzj;l = z#i‘jm;ﬁl (3)
=1

UL = Y P+ (ml -

m J[m,_ - m) 1" (4)
Kobomy FP, 500N k- 1 I R M
FH A %

X REASBET MY ST
[m. ", P"] = F (m P} A ,0Q,)  (5)
[m,,P,] = F,(m." Py, H,,R,) (6)
s b R U I TR A SE R 4
F (o) RUF, o )3y, ok W20 R m,
PS5 B k2RI MR A 34905 A0 B 07
P AL QL ARBIN k- 1R R M
B A 5o AR P 4 5 H, R R 53 0 e i A
T A S R e

A BT T AR A I A A DL
A, = N(v;0,5}) (7)
Arevy IR IR 2 1 S, AR M I SR S



Je A4

%4 WRMESE 45 - 55 F iz s B R (IR s 3B A 7R C A ML H AR i 51 689
TIN5 5N (- ) A e T HE 3R % B O3 AT pR O Ap 0 Ly 0 O
2) ZRIRIME A HE EIB S
kB A M AR il R G0 lar o0 Laem
v O O
_ ~ - Elq.q,] = 4
¢ = XA (8) Sa o0 a0 O
. 1 .- P ]
P = Al 9
S ) %0 %mz 0 At%
K HH—LH T -

3) Hiwiz sh B A b

TE kW20 n B OF AT 78 BB RL b 8 A
o RIS M AR k200 H bR IS sh i 1,
ek
I, = {]‘,u,i = max(u,,i = 1,2, ,n)} (10)

4) Hbriz shFEE$2 I

SEHCH briz S B 5 R AG T FLol T
{5
F:%ivaHMHk:I,Z,-“,T} (11)

R brAE B 2 T 4> % i sl SR 22 A1
DUAt T, o PRECRYAE T SE T A~ 20 4 1) B
B, W7 % varl - P HEAT L

K HAR PSR R T RN ELE AL,
BEE BIE S, WHZHE SRR AG THE & T S, 08 K
B EAR, Z o /NI AHLHE 5

2 (TEHERIE

AATERTC AN S K H bR 0905 A ,
1 SRR B S P M A SO R A R PR A
DAL AN R A Y 0 Al 1A 3 R N 38 | R T
YERFIE (ROC) £k 55 .

2.1 (FEIEmIER

AR SCEE ST T 5 T H 28 B L Bl AR B B
2 R FTBLRY ) DA 2R 8 s A5 R AR 8 G A HL
H AR, LLST o B2k 32 20 455 70 AL 30 728 3 3 B 45
B K S35 5] .

XA ARS8, AR k2R S
HARDLE x, Fly,, DLSGEIE x, F1 oy, , BARR S 0
HEERRN
x, = (% 9 % ¥) (12)

H br sh A B R R

o 0 A 04

d 1 o A
xk+1 = D @k +qk (13)

d o o 11

2 A 28 58 R0 BT I 1) 8] B 5 g, O e M o
Pl rs , I N 7 220

v o q Dy MR B 5 L

Xt F LS AL H oz B, Bk H s AL E (o, ) AH
PREEJE (x,y) Bh 38 25 18 T i JEE AR S AL 4 (w,
y)o PG E I 2002 3 H AR AR 25 AT b an R e
VI

X, = (xk Yi x'k J}k k’k YA) (15)
Hbp sh AL R N
0 0 At 0 A2 o O
I:I 2 [
] 1 ]
0 1 0 At 0 —AS O
O 2 O
X = M + 4,
% 0 1 0 At 0 3
a o o0 1 0 At [
% 0 0 0 1 0 =
|
4 o o o o U
(16)
Arq, WHEHRIZF W EN
E[qkq:] =
7 Ly Las
— _ |
@OM 0 SAt 0 At 0 0
= 1 1 1, e
o —At 0 —At 0 —Ar O
O 20 8 6" O
s 1, s 1, =
At 0 —At 0 —A: 0 O
6 2
l:l 1 4 1 3 1 2%
o000 —A: 0 KA[ 0 ?Az O
| |
[
%Af 0 %Atz 0 At 0 O
|
%O LAf 0 %Azz 0 At %
(17)

A2 Bz B AL I ) 25K BOE
At =0. 1,18 PRI R T ARG B E N ¢ =0. 1,
B A7 Fe ANALAN K S H bR 532 Sl B0k X &) B AL 23
fifEas|][ -100,100] x [ — 100,100 ], 4K 2
Fios A 4G 4 JRy s i B ROet B S H AR B Y )R
FRIR BB o TE AP S H AR iz s A 2

1) AN HBRAE S5 [0,0], b5 3 5



e R

e e o a5
690 | AD U =N/ NI N = 4 2019 4E
'm P < EER 0
I b= HAH 0.8 M\ WA YT
-FREEEE . e - I
60t R ; # 06 I i
) \ o 04t | |I
gl ™ N . KTl
o X . 3 e gt
. i i . . : fhiHE
0 50 100 150 200 250
A = e
=20 % % / i+ I.I I.].-" 5
(a) T
f y, 1.0
-60 - N\ Pedi]
AL i fli i
. 06 | |
-100 -60  -20 20 60 100 £ 04f | i
& N ke 4 -t
(a) &R 02 M VM S W s\
0
— 0 50 100 150 200 250
5 o o Hixtti /s
I 220 LA b) #1752
;,;: B0 i (b) Fimd
50t Lo B3 Jo AL H b R B BT A TSR
)
°:% Fig.3 Model estimation probability in
45t
A ‘;3\3 UAV target tracking
o
40t .,-.@%; 1.0
& -~
ot 08F
35t " N ik
:\.%, @ 06 \/\\ \
= |
30} . = 04 |
°€Q_‘ 0.2 l'd/—\\
R 3
: 0 10 20 30 40 50 60
; B fiE)/s
(b) Sk BiE (a) BT

K2 TANE A bR 7 P

Fig.2 Simulated trajectories of UAV and flying bird targets
(2, -3],41) 240 LA E,

2) BA KRG H bR iz g Pk & & AE = E
[ -100,100] x [ — 100,100 ] = BE #5346 o

3) HBA RS HEREGEZRE N 2,235
L 4R 7 1 E 0° ~360° 11 [ A BE AL A B

4) B H ARz 8 Bk i 0 5P B
20 ~ 607t [ N Bl BLAE A

5) KI5 bR I8 SRR AE 5] 3 2k 02 g
RN 2l 7% 32 gl AR — 3% 22 (6] U 46, D) 48 1) A
AR p FEATEES], BIA AL 0 ~ 1 Z [8] B BE ML AL, 4
H/NT p iUl — R SR

6) L AMLAI K HARZ5d 1000 W52 4R
7L, W45 AR R 1000 45407 2053 Sh Bk .
2.2 FEZERSSW

BT TANUA K B bRz s Bl rY 58 R 2
D5 BB, 3R SCT7 1 19 JC A HL H BRI ROR
(R I AT

P 3 FE 4 23025 1 T B AL RS H AR K
UC R B O AP B B T A R AL A R P RS

1.0

0.8 N
o 0.6 llll \u/\"\

02t L— "
0 L i i i
0 10 20 30 40 50 60
Asf fl/s
(b) 142
FLEA fitii fe

4 TR H AR R EE i B AG TER
Fig.4 Model estimation probability in flying
bird target tracking

PRI R A5 % p = 0.3, T AL B FR7E240 25
PR ERAT B P B 1 (DAY B RS B R ) 1Ak
THHER 2R 0.8, K7 2 (BRI HL 3l 28 iz Bl A 7Y )
MG HER 200 0.2, BEH AR T 50 s B 4k
BB, I HARTE 56 A IR { Hor, 7E R
1 BT 2 2Z [a] UJ 4 6 Y, A5E70 1 RIS RY 2 £l 3
BEARAE 0.1 ~0. 8 Z )24k HAEMRBR, W & & T
Te ANALEFR, AT LU R RRAE X433 7 25 H AR o

F 14T 1000 K524~ 2 5250 1 I A HL
L H AR Y 38 30 15T A R AN T 22 30 F



5 4 3]

WRiESE , 26 - Tz S R AR =S 3R 2 R B AL H A7 iR 51

e R

691

PARE At H sz e R A e i IS AR 5 . m OL, G
AL H bz s R R A T i 07 2 2 E S H
PRAR — > Bicik 2 ; i 35 5 700 e 40 030 3% p (L9 3 fm
(p=0.2,0.3,0.4,0.5) iz ghH R RAGH 7 2%
F ) YL i

BlS gyl TANIR] p B 60T, B Y R 3 B A
6, 2T 1000 ¥k 545+ 2 05 B 19 ROC Hi 4k,
ITEAHLA Hbs RS % p HBOR, K5 H
b SRR 0 B AT R g, B B IR . T L,
p=0.5 ik, Jo A HLH AR A9 KL I AR 1.0 1, )
G HARI SR T 0. 15,

ity 2 UL T Y2, AR B R O 0 BE 08 08 i B0 dE
SKIRHBRFE SRS | — RE Bk (9 75 55575 0 AR 3L
J7 3 BN PR RE AN 2o SR i o T 3 A 4 R
I T SRS 06 I AR SO I AR I RS IR 8 P Y
FFR OISR o T 6 AT S i C AL S
K5 H AR IE Bl P (7 FR R Y x T ROR

x1 TANSTCEERNF HE
Table 1 Mean value of F of UAV and
flying bird targets

®E
T
p=0.2 p=0.3 p=0.4 p=0.5
0.0059 0.0447 0.0511 0.0594 0.0625
1.0 fm,.,a. -
09t -
fi i
= 08
& =05
= - P ]
i p=04
0.7 ap=03
¥ —p=02
0_6 - 1 1
0.10 0.15 0.20 025 0.30
iAok

5 JEAHLE BRI ROC i £k
Fig.5 ROC curves of UAV target recognition
100

60 f % 5

=100

B6 A 5 MR () H AR B iy 5
Fig. 6  Simulated trajectories of targets with

background clutters

B EMA S ANEE, KRS E S
20U s i) W AR SO IR AT SR S B T X R AL
ARy H AR IE W B

K7 i T p=0.5 I AT A R AE
FTAMLH BRG] ROC fh 2R L, A YAy 5P 2 4
BTEIMA S AR, n] L, —E RO 1 SR
FEARA LA 5 H AR L RE I R

1.0

= 08} /H
& I
0.7} = —
. r e M
(](’-} i 'L i L L i i
0.08 0.10 0.12 0.14 0.16

[

LT S M S R A ¥ JE AL E AR U ROC T 46
Fig.7 ROC curves of UAV target recognition in

background cluttered environment

3 KRR IE

BT AE) AL LI 2 i ks K AL R
e, HATC RS T K& A LA S H bR
OB SEI A, AT AT I S B T XA 2K H AR Y
R P 8 B BOR S 1 AL i B
S S R A RO o R R T
— IR R R 3 JE AL LI B AR B
BErp s sl S AR, AR A B SR RS
CxTHIR. 8 PR Ew R R RS HARZ
B0 ERAS TR A A B S, TR S B HL AL B
PEB S o A58 R FAS SO 300 e i Jo AL AN
O HARIEAT ERER S BRE RS IF HOR B b

B8 dbif bz A% = 1 ik W LA

Fig. 8 Low-altitude radar surveillance

data at Beihai Airport



692 b5 M = MK k% F M

2019 4

BT A B AT

P TR R A, 1 e A 5 R
LA H b, 75 AN TR H b 004 5 5% 48t
ARAETHE, 2T B E To A HLAT S H AR 70 26 Y
L 5 78 AN [R] B U8 858 o a2 0 A A ) i 22
M 2o S Y 7 3 AT I, DL AR R G R K
Ho B9 H TR MIA SO ik AL BELIAL 8 Jir 7R d ik

WOl AEAS TR 20 ) 1 fEL 2% 15 R TE A HL H AR A R B
SPBIEUR, HARBE h 52280 18 SRS 18
SRR Fr K H AR LS PE A, HE S L
TG TC BRI, 245 B (RO o5 6, 73 SR Bk A7 KK
B ER, A S B3 R (WA 9(d),
§=0.005) , 4 RE 5 Bk 2 & & HAR IR B JCA
L H bR S M9, K245 0 T AR BEEAMFET,

(a) §=0.05

(b)§=0.03

() S=001

(d) $=0,005

B9 JEAMLE bR B 5 UUN 45 1R 2 A

Fig.9 Schematic of UAV target tracking and recognition results

F2 ZTANMERRINER
Table 2 UAYV target recognition results

s T AHLH b5 Hof A=< B AR
0.005 1 0
0.01 1 2
0.02 1 2
0.03 1 5
0.04 1 6
0.05 1 7
0.06 1 10
0.07 1 11
0.08 1 12
0.09 1 14

TN H B 9 P53 45 5 B RS S AR 25 H AR
M HAR R

4 & it

AR SCR T H B 2 IR AR B AR B 1 H ARG
B, LA H bRz Sl A5 7 5 e AR O R, S T — b
B/ANRICANLS ® S HER ROk a1
S SN R B U 1 A SO i A R A A
TE5iE:

1) AR SCT7 86 386 0 T 5 BUBLAR 31 8 90 7 3k



5 4 3]

WRME S, 4 - 2 T3 S B A R 2= 3R B 1R AL B FR iR 51

e R

T
e |5 693

Kb, e AT H AR iz sl 05 R A B AR D
F4 [ 304 15 5 B e i DX 2t T AL RS H AT

2) dipy L AT, TE AL H iz Sl A R
Bl AR 1 J5 25 B (E LU BL S PR i 19 RS H A
R— M ER gL L.

3) XTI BB RAR Y RS B AR, s 3h
Jr G TAHLEAL, R A ST k5 R E &
LA FR Bl sl R ik 5 A A 40 1 A PR A A
LD S

4) HEPBI B FR e e — E R bRk 7 H
PRIEA 932 B8 1, 5 H b 0 45 1 A0 i B 4
YA & T DI SRHK , UG, Bl 5 1 s s A0 7 3k R0 1P
AE B2 AL B2 TT, I 22 3 SRR AR 0 5 1A T AL 25
RS /Iy H AR I -5 R0 09 3 2 BL A& 42

S 2 Hk (References)

[ 1] BRMESZ. /NN E KNS THEARLI]. PER
HMizs,2017,253(7) :33-34.
CHEN W S. The supervision, detection and jamming technolo-
gies for light and small UAV[ J]. China Civil Aviation,2017,
253(7) :33-34(in Chinese).
[2] BAEW. MMM KRR T]. E PR ,2013,34
(1):5-7.
LV X M. Military UAV development and countermeasures[ J].
National Defense Science & Technology,2013,34 (1) :5-7 (in
Chinese) .
P i, E A 55 KB TE B R 1 S0 S R R R
S (1], G TR ,2017,44(4) .427-434.
CHEN C S,WANG S Y. Infrared radiation characteristics mea-

—
w

surement and temperature retrieval based on DJI unmanned aer-
ial vehicle [ J]. Opto-Electronic Engineering, 2017 ,44 (4 ) .
427-434 (in Chinese) .

[ 4] BESH R P E) B BRA AL JEANLA S E
RS R (—) [T]. T E L H ,2016(8) :72-73.
Rohde & Schwarz. Automatic identification, positioning and
suppression system of UAV ( [ )[J]. China Radio,2016(8) :
72-73 (in Chinese).

[5] ZPHESHLKR(PE)BEA RS A TTAHL A 3R E
AR RS ( ) [J]. R ETEL R ,2016(9) :71-72.
Rohde & Schwarz. Automatic identification, positioning and
suppression system of UAV ( 11 ) [J]. China Radio,2016(9) :
7172 (in Chinese).

[6] ZPESHERLK(PE)BEARAR. TAVA S E
FLAVER Z g (=) [T]. A EJELH ,2016(10) :72-73.
Rohde & Schwarz. Automatic identification, positioning and
suppression system of UAV (Il ) [ J]. China Radio, 2016
(10) :72-73 (in Chinese) .

[ 7] Bk, £z, oW, 5% L HEARERMIEANEE T
BT A E Lk ,2017(8) :24-26.

LV B,WANG A J,MA Y, et al. Radio technology application in
civil UAV control[ J]. China Radio,2017 (8) :24-26 (in Chi-

nese) .

[ 8] BReESE,F%, 4. B T Rao-Blackwellized 52 5 - % ¥ #i

S0 1 A 0 B 0K A O Ak [0 ] b i s R R A A R
2018,44(4) :700-708.
CHEN W S, YAN J, LI J. Joint optimization of detection and
tracking with Rao-Blackwellized Monte Carlo data association
[J]. Journal of Beijing University of Aeronautics and Astronau-
tics,2018,44(4) .700-708 (in Chinese).

[ 9] BR/bhJe, oo, 85, 5. R R il A s R B [1].
Bl S 41,2017 ,35(11) :30-38.

CHEN X L, GUAN J, HUANG Y, et al. Radar low-observable
target detection [ J]. Science & Technology Review,2017,35
(11):30-38 (in Chinese).

[10] BR/hJe, s, 2 53, 45 T IR AR vl WL 3 H ARk 40 4k Ab 22 K

REFALT]. BHE S ,2017,35(20) :19-27.
CHEN X L,GUAN J,HUANG Y, et al. Radar refined process-
ing and its applications for low-observable moving target[ J].
Science & Technology Review,2017,35(20) :19-27 (in Chi-
nese) .

[11] ZHANG J,XU Q Y,CAO X B, et al. Hierarchical incorporation
of shape and shape dynamics for flying bird detection[ J]. Neu-
rocomputing,2014 ,131(5) :179-190.

[12] BAI X R,XING M D,ZHOU F,et al. Imaging micromotion tar-
gets with rotating parts based on empirical-mode decomposition
[1]. IEEE Transactions on Geoscience and Remote Sensing,
2008,46(11) :3514-3523.

[13] STANKOVIC L., THAYAPARAN T,DAKOVIC M, et al. Micro-
Doppler removal in the radar imaging analysis[ J]. IEEE Trans-
actions on Aerospace and Electronic Systems, 2013,49 (2) .
1234-1250.

[14] ZHANG Q,YEO T S,TAN H S, et al. Imaging of a moving tar-
get with rotating parts based on the Hough transform[ J]. IEEE
Transactions on Geoscience and Remote Sensing,2008 ,46(1) :
291-299.

[15] BREE TS, B30 kT D1 2E IR bR BOHE 05 5 43 1 1o 3 A

HARRIESE IO 2 (V] 7 515 B % 41, 2016,38 (12) .
3056-3062.
ZHANG Q,HE Q F,LUO Y. Micro-Doppler feature extraction
of group targets using signal decomposition based on Bessel
function basis[ J]. Journal of Electronics & Information Tech-
nology,2016,38(12) :3056-3062 (in Chinese) .

[16] skt % . & ik H ARG L o [ M. b st B E7 Lol b
Ji#t,2013 :22-30.

ZHANG Q,LUO Y. Micro-Doppler effect of radar targets[ M.
Beijing : National Defense Industry Press,2013:22-30 (in Chi-
nese) .

[17] WRuEsc, 2= 60 3 T 2 B E A R = =
(7. i 2412 ,2015,36 (9) :3060-3068.
CHEN W S LI J. Radar target detection in low-altitude airspace

I A H bR A DI

with spatial features[ J]. Acta Aeronautica et Astronautica Sini-
ca,2015,36(9) :3060-3068 (in Chinese) .

(18] BRMESC. B i U PR IR A 2 8 08 H AR I 5 R ER [T ]
R TR TR ,2016,38(8) :1800-1807.
CHEN W S. Incoherent radar target detection and tracking with
temporal features [ J ]. Systems Engineering and Electronics,

2016,38(8) :1800-1807 (in Chinese).



AL HLF W

694 Tow OB A MR K % ¥ L 2019 4
[19] CHEN W S. Spatial and temporal features selection for low-alti- avian radar technology[ J]. Modern Radar,2017,39(2) :7-17
tude target detection[ J ]. Aerospace Science and Technology, (in Chinese) .
2015,40(1) :171-180.
[20] FRMESE, ZE8. WS HAR KR S AGR )] BREH E&E A
i£,2017,39(2) :7-17. FRMESE 95, MR LA, FEBFZ ARS8 2 2 .
CHEN W S, LI J. Review on developments and applications of ik HARG T SR MR B ITHEAR,

Non-cooperative UAV target recognition in low-altitude
airspace based on motion model
CHEN Weishi" ", LIU Jia""?, CHEN Xiaolong®, LI Jing'

(1. China Academy of Civil Aviation Science and Technology, Beijing 100028, China;
2. School of Transportation Science and Engineering, Beihang University, Beijing 100083, China;
3. Naval Aviation University, Yantai 264001, China)

Abstract: To guarantee the safety of low-altitude airspace, a target recognition method based on motion
model was proposed for the non-cooperative UAV target in low-altitude airspace, as an extension of the appli-
cation of the existing target tracking algorithm, which could detect the UAV and reject the false alarms such as
flying birds with radar data. Firstly, multiple motion models were established to simulate the movement of
UAV and flying bird targets. Secondly, the targets were tracked with multiple motion models and the appear-
ance probabilities of these models were estimated. Thirdly, the transformation frequency between target motion
models was measured by the mean variance of the appearance probabilities of multiple models in continuous
time domain. By processing the simulation data and the measured data of the airport low-altitude surveillance
radar, the method can track the UAV target in cluttered environment and eliminate the flying bird target, fur-
ther verifying its effectiveness and practicability.
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Sum frequency nonlinear effects of micro-crack orientation and
ultrasound in metallic materials
YANG Bin" ", SHI Kaiyuan', YUAN Tingbi’, XIAO Deming’, WANG Kan', LI Zhenhai'

(1. National Center for Materials Service Safety, University of Science and Technology Beijing, Beijing 100083, China;
2. Guodian Boiler Pressure Vessel Inspection Co. , Ltd. , Beijing 102209, China)

Abstract: In order to study the non-destructive testing of micro-crack orientation angle of metal materi-
als, the research of the ultrasonic sum frequency nonlinear effect about the micro-crack orientation of metallic
materials is carried out. In theory, the relationship between the ultrasonic nonlinear frequency characteristic
coefficient and the orientation angle of micro-crack is established. Then, the results of finite element simula-
tion and calculation show that with the gradual increase of the orientation angle of the micro-cracks, there is a
clear positive correlation trend between the ultrasonic nonlinear frequency characteristic coefficient and the
micro-crack orientation angle, and compared to the secondary nonlinear coefficient, the sum frequency nonlin-
ear coefficient is more sensitive to micro-crack orientation detection. At the same time, from the perspective of
the average ultrasonic wave energy density, for example, the sound intensity, the sound intensity of the sum
frequency component will increase with the increase of the orientation angle of the micro-crack, and the sound
intensity of the second harmonic component will not change substantially. The ratio of the sound intensity of
the sum frequency component is also significantly higher than that of the second harmonic component. The cal-
culation results of the ultrasonic intensity are basically consistent with the simulation results, which proves the
correctness of the theoretical model. Finally, through the design experiments, the use of simulated cracks to
verify the validity of the model provides an effective means for the detection of micro-crack orientation of metal-
lic materials.

Keywords : non-destructive testing; micro-crack ; nonlinear ultrasound; sum frequency; micro-crack ori-

entation
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Nonlinear stability region determination and safety manipulation
strategies for icing aircraft
ZHOU Chi, LI Yinghui®, ZHENG Wuji, WU Pengwei, DONG Zehong

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

Abstract: Icing will destroy the dynamic performance of the aircraft and cause the safety envelope
shrink , which seriously affects the flight safety. It is of great significance to study the changes of nonlinear sta-
bility region of the icing aircraft for reducing flight accidents. In this paper, the NASA’ s GTM is taken as the
object aircraft. First, the dynamic model of longitudinal channel under icing condition is established based on
polynomial fitting of the aerodynamic parameters and the icing factor model. Then,the change of flight state
under different icing conditions and control commands is studied by bifurcation analysis method which used to
guide flight manipulation. Considering the limitation of bifurcation analysis method, the nonlinear stability re-
gion of flight system is determined by differential manifold theory. And the nonlinear stability region is regar-
ded as flight safety boundary. Finally, considering the icing condition,the bifurcation analysis method and dif-
ferential manifold theory are combined to guide manipulation. Furthermore, the time domain validation of the
manipulation is carried out. The results show that icing will shrink the safety boundary, and a slight disturb-
ance may contribute to flight state outside the safety boundary. Moreover, with the increasing degree of icing,
the stability of the aircraft will even change and the flight state will be difficult to maintain within the original
safety boundary. At this moment, the flight state can be brought to the new safety boundary by changing the
pilot’ s manipulation instruction. The research results are helpful for flight safety manipulation and boundary
protection.

Keywords: icing aircraft; bifurcation analysis; differential manifold theory; stability region; flight ma-

nipulation
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Table 2 Computation results of time-dependent

reliability
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Computation method on motional reliability of mechanism under mixed
parameters with fuzziness and randomness

YOU Lingfei'*, ZHANG Jianguo' > * , ZHAI Hao'*, LI Qiao'"’

(1. School of Reliability and System Engineering, Beihang University, Beijing 100083, China;

2. Science and Technology on Reliability and Environmental Engineering Laboratory, Beihang University, Beijing 100083, China)

Abstract; Mixed uncertainties of random variables and fuzzy variables are ubiquitous in the parameters of

the current mechanism products, but the existing fuzzy reliability model mainly aims at static problems, which

cannot describe the time-dependent problem with mixed uncertainty. This paper proposes a reliability modeling

and computation method of the fuzzy time-dependent mechanism based on the advanced envelope function

through the kinematic error analysis of mechanism and considering the fuzziness of failure criterion and the var-

iables. First, fuzzy criterion can be transferred into random variables in the limit state function. Then, the cut

set of fuzzy theory can be used to deal with the fuzzy and random variables, and thus the fuzzy time-dependent

reliability model is built. After that, the advanced envolope function is used to calculate the time-dependent

reliability of the mechanism. Finally, the feasibility of the method is verified by the motion error issue of four-

bar linkage. The results show that the method has high computational accuracy.
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Table 1 Missile launchable interval calculation results under different motion conditions
FRAP R AR B AR SR B /m
REFS
A,/ () @/ () Ay, /(%) @i/ () Yu/ (%) ERTRFS IR I B b AT T4 B 3l
1 0 0 0 0 (363.56, 3054.98) (266.35,1499.18)
2 20 90 5 10 (890.56,4243.23) (1156.25,4141.01)
3 0 180 0 0 (1332.15,14712.11) (1701.59,5597.35)
4 0 90 0 0 (655.19,5 564.34) (868.69,4 573.34)
5 15 0 15 -15 (370.84,3 065.56) (268.04,2 168.81)
6 25 -5 45 15 8 (320.03,3 184.17) (261.37,854.27)
7 12.5 56 28 0 (369.03,3 513.09) (398.98,2 555.84)
8 -12.5 -20 -56 0 0 (418.72,3 472.94) (370.15,956.56)
9 30 180 0 0 (1739.16,10 879.83) (2348.19,5320.31)
x2 SBERUTEMNKER
Table 2 Results of simulated missile target test
R AER WIS ATRGTIE R R EE/m BRI E/ m fir IR AL LR AR AT TR %
5486.37 7
1534.25 10
IRA3 (1701.59,5597.35) 2640.83 9 92
4329.25 10
2523.81 10
AR SCHR Y
T K 1051.03 10 89.6
923.53 7
WA S5 (268.04,2 168.81) 77178 10 »
1870. 68 6
1568.86 8
13 321.53 1
6482.26 4
RE3 (1332.15,14 712.11) 8390.38 2 20
12357.48 0
9346.35 3
FUBR PR A 7 3 R3S
FH S 8K 2247.08 N 3.0
2804. 65 4
RS (370.84,3 065.56) 2958.01 2 34
3043.79 2
651 5

2478.
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Air-to-air missile launchable area based on target
escape maneuver estimation
WANG Jie', DING Dali', XU Ming’, HAN Bo', LEI Lei’

(1. Aeronautics Engineering College, Air Force Engineering University, Xi’ an 710038, China;
2. Unit 95478 of People’s Liberation Army, Chongqing 401329, China;

3. Electric Power Research Institute, State Grid Shaanxi Electric Power Company, Xi’an 710038, China)

Abstract: In order to satisfy the special requirement for fire control of air-to-air missiles under unmanned
air combat conditions, the problem of launchable area of air-to-air missile based on target maneuver estimation
is presented. Based on the missile-target tracking escape countermeasure strategy, the target maneuver estima-
tion model is designed. According to the relative position information of the missile and the target, the estima-
tion of the target escape maneuver mode is realized. Based on a variety of practical constraints, a missile dy-
namics model is constructed. A launchable area boundary solving strategy based on the golden section search
strategy is designed to achieve a fast and accurate search for the boundary value of the launchable area. The
simulation results show that the air-to-air missile has a greater probability of hitting the target in the launchable
area based on the target maneuver estimation proposed in the paper. The presented launchable area is more
suitable for the dramatic change of the target escape maneuver in the close air combat, which is beneficial to
the full play of the missile tactical performance.

Keywords: autonomous air combat; air-to-air missile; launchable area; target maneuver estimation;

golden section search strategy
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Fig. 1  Practical model of proton exchange furnace system
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Analysis and optimization of temperature field uniformity of
proton exchange furnace
FU Na, ZHANG Xi®

(School of Instrumentation and Optoelectronic Engineering, Beihang University, Beijing 100083, China)

Abstract; Aimed at the problem of temperature field uniformity of proton exchange furnace, combined
with the structural characteristic of the furnace, temperature control algorithm was developed based on FLU-
ENT user-defined function (UDF). Based on this, various heating and temperature control schemes were pro-
posed. The FLUENT software was used to simulate temperature field of the furnace under different schemes.
The relationship between the temperature field uniformity and the placement of the sensor and the height of the
heating wire under different temperature control methods was analyzed to find the best scheme. The results
show that the temperature field uniformity is best when three temperature controllers are used, the positions of
three sensors are respectively arranged in the middle of three heating wires, and the height of heating wire is
arranged 4 times the length of the uniform temperature zone. The maximum temperature deviation in the uni-
form temperature zone is 0. 03°C. For a given structure of the vertical furnace, increasing the height of the
heating wire and optimizing the design of the sensor layout and temperature control method of the furnace body
can improve the temperature field uniformity. This method provides ideas for optimizing temperature field uni-
formity of the same type of electric heating furnace.

Keywords: LiNbO, waveguides; proton exchange furnace; temperature field ; uniformity ; numerical sim-

ulation

Received: 2018-06-11; Accepted: 2018-11-30; Published online: 2018-12-05 13,33
URL: kns. cnki. net/kems/detail/11.2625.V.20181203.1113.001. html

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



2019 4 4 H
F45 4% H4

tEMEMRKEFFR

Journal of Beijing University of Aeronautics and Astronautics

AL HLF W

S April 2019
_ﬂ 5 P
i L Vol.45 No. 4

http: // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2018. 0419

jbuaa@ buaa. edu. cn

ZERIJLMIELMERN S BEREE FFLL Fi%
T g Ean, HE
: ;

(% Tk 85— CHLIRFBFSEBE , PE% 710089)

i E: A MR FERORE, KEZ LG R EN R 8 R0H&2 Wilnx
ZHEMBHR, TENREAGABL AXHMEERTHE, LAFLEREAL ., AT
BWAREUBEURCTREANIEELY AN REREH M 25 RAXNERER
ko ATABERLELBERTHEATAFEFEREITAERRA, —REEAHLER
HANAREUFAMAALL AN IS B, 2T ELEATEREAEH LT
ERAATHEW  BLRNERER S L RALSH %5 QLT E BT RARASE N RX 2 #H4&
Mo T &, ARG LSRN TSR RFREFE R E. IR, BH - hFART
EAWELRESENE-ESWRERLT R, 27 22X TERBS AT ENLAEL LR #
MRBEL T, BL2ANATENRATRF A RS R T G & % Hm NSk

B, GRXA ML TERALEFUER ZRILMELBNE LB RS EFHEALRT

AL L RS HEAT A
x g i

frs JUATHE Stk
FESES: V215.3
XEkARIZAD: A

CSEAESR, TEAMG R TR EKE. N T
FAPUAT IRF 5] - o A RE P38 € , Jo AL — R R
JB& % PE v SR P BIL 3R B LGB SR B A0 R Bl 8k
R IO TR LT R, WLBE R R
FEER AR, BT LR 5% e T AN HLAL I — i AT 2
RAEPLFE . SR, HLIE 0 R 5% e 3G K D K R
ZINGRHT R T Y B A, 3 A0 SR O L3R A IE R AT
AN B RASTE RS — 2 BE ST, I RS TR
[ L2 5 A JLART R ZR R AT O B S ) < 3l 34 )
ke R AR Y 43 B LB I [ A SRR A
M8 B B AT Ol kA A

TE AT 3l PR 1 e TR A R i ol 5
JRGIR 358K 1 72 ML Y sl 3R AR 1 o AN ] 2D
(9" o 4 LA () 5 Bl 35 0 2 TR ML )

Al FLMRRYE, ASBREER S ARZLSEZENE,; $HHEAR

T EHE . 1001-5965(2019)04-0743-09

T P f B AS 1 DR AIE , 46 HERE TR RJ a AE Ml Sz e i
A RUSETRHL Y Bl S e R P 4 R
e HEAT R0 AT LA B 4 by 3 g AL S 1 ) AT Ny T
Ik AR A A 3 4 RS ROMIL B R 5 AT

BN AR L A L BT R Al 2 e R Bh
FNZEAL ) B o <3 7 YR AEL AT L 5 < 3l
SME TLAT 46 L5 BEAT o3 M AR 2 o T 1 A0
T I A B JLART RS 45 B OGE 45 A 2 AT R AL
ANBRSEHY o AR AE L BT R e LA i H
14 45 K, o T T T ) R R 3 R AN A AE 1Y T L
ARRARJE b T 5 4 RS RL R I TR A 46
PR EJE AN AT RESEBUAY o P — AT AT (9 07 ik 2 X
PN BT 45 R AT T BT I AL, HE IS 25 4 Y TR
N BHLE R PR AT 4 B, OF B R RL

Y BHEA: 2018-07-11; R A HH: 2018-10-15; £ H KR A 8] : 2018-10-29 11.27
P 4% H R 3k . kns. cnki. net/kems/detail /11.2625. V. 20181025. 1141. 005. html

* BIE1EE. E-mail: 584557071 @ qq. com

SIAER: RE EERN, FEHT. ZRNUTFLEG A FUEREL T[] RFMEMKAFFH#], 2019, 45 (4) : 743-751.
CHAI R, TAN S G, HUANG G N. Scaling method of aeroelastic model considering geometric nonlinearity [J ]. Journal of Beijing
University of Aeronautics and Astronautics , 2019 , 45 (4 ) : 743- 751 (in Chinese ).


qwqw
新建图章

http://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK201904012&dbname=CJFDPREP&uid=WEEvREcwSlJHSldRa1Fhb09jT0pjeGxDOXJqYkFZVVkyTThzWm5rNEFoVT0%3D%249A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

744 b5 M = MK k% F M

Ae At 4R
NEEEE

2019 4¢

RS S0/S R

I RIF 5 % 1 A 4 4 9 2 3l 300 P A 80 44 L i
F G SCHk A A, HUR O JLAR AR B A $4 T HE k
KO HIF ST T2 B A X0 AT R I He i R ML
) 75 25 KA I T8 AL R 3 A R kL

Wan il Cesnik " #5153 % 43 & K 45 K 5l iz
F <l S P B 05057 5 ) 14 S 0 R B Bl U
9 45 e 285, BT 9T 2 W1 4k AL AT Sl 6 1 19 S 3
B IE 37 BRI 4 LR TR AR . R
i Wan #1 Cesnik "' % K Z2 M € HL 2 R 2K i1 45
PR TEHEAT T AT, o — R A A T
Froude %5, flbfiT %5 (475 45 W B 24 AR & 1< 3l i v
TSP A i) 00T T 10 P K T 0 A e L AR R
A 1 245 W XD 7 5 R R AT T R SR
A% Froude ¥ A 45 He AR 5 0y i 55 4> R~ 5 750
S AR, BT L Froude %At A B 76 3 1IF f i) f5 1
RREH 2

Bond 25" 48 Y T — AN JE 4k K 3l B A
4 7 v SR BETT B A LA AR £k 4 4 1 156 31
KL LB LB 45 T LLUC AT 3 45
RT3 PR IR I LA A 1 B v S o A O A
L4 AR 10 3l 3 0 3 0 L S o A o
2 FESVCTCARAR AT . R, 45 S, 4 R Y
AL P 00 N, FE 60% S 1 % B R 6 T e 15
WaF,

Ricciardi 2" % F& 1y JLAnf Ak £ 1 /< 3l 380 1k
PR 45 S D i T LA UG 4 L 2 P AR
8 P O, () I AT D A S AR 2 L A
AT FIAZ 7 B A 00 () ) AL 45 05 1 98 25 1t
A A5 780 SR AT Ll e, % P T TR 1 i
FE DA 1) 4 AR L 3 2 Atk < 3l v o 7 7] A
N 57 1) A B A TG AR LA 8 07 BT 9 4 e
FU AR 2k kSl vk R B (R R R A b i 22
BK.

FET PR A SR — A A R R
SRR Ly o, BR N 3l ) A R R R g
A L e o RS O R A i, L el e b
N 57 9 DG B 2 5 T 5 A S R AT VR S B . iX
YR A B AR 22 R D 2 I R S AR R S
R 5% L LI S5 4 Bl g 2 A 45 A IR D 15

B AMZTDT 5 Ricciardi 2 4R Y O 1k E
X 4 L 0 S B BRI AR Sy ik
I 8 0 5 e A R AE 2 AR AL A B oL A o ik
FHY 10 Riceiardi 25 1 75 1 FUR 7 — I AL 16 35
AT R o T EL AR SCBRIE i S22 — S H A K
JE BX LG e M LI A B AL, T R LA IR £

PERLNE LG B3R SCHR A R IE A KL 2R 2 .

1 EBigH*

1.1 AeUEN

45 L R A e B S s MR A LR B B
FEPOCHEMER 1 20, i Bl B e L AR Y
WA 3 DAL ok, ok, Rk, o X E,
AR R R 5 4 RSP R RY 9 K BE L Lk, O 4 LU AR
Y5 A RSP ASERY 0 3 B8 1L Lk, R 46 LU AR R 5 4 R
AT B Ab BB Y A L.

Sk T A A AR TR R 4 RS R R 2 ] 1 4R B
SRR AL TR T 3 AN JEAGE HL I 7 G Rl
b O R AR Y 4 A ARRLEN, R
15 I TR A8l 35V e 1 A2 AH fBL 2SR I, a2
250 JE T 3 R R M DU Ay BB 2 A

1) JUfT AR

JUART AR BL Y 46 Lo A5 BR800 &, o JLART AH
DL A 40 LU AR TR 55 4 RSB 22 ) 1 Jor A RS
P CRLAG B R LL , 52K 55 ) 8 &, AR [A]id
i 7 4 PSR AT 4 RO 58 3 A A () g 328

2) A

T 2 T B AHAL AT LS Oy
k, = kk (1)

X R A A8 PR R Y 43 A B N 20 5
AR LR Tk, 5 A RO R RY (% 43 A 5T 6 B LG 481

3) WIBEARARL

T A2 D) B2 AR AT LA 3 D
ky = kkk, (2)

X TR A A PR 43 A W EE I 32 5 W RE
AR LI 1 ke 54 ROST AT A 29 A1 W 2 8 EE 497

FEF [ A 0 R 5 o R RS YOG R R
45 L R By
k, = J/k/k, = k/k, (3)

4) B

147 PR A4 RO R B 22 JR] 1Y) S b 5 S T
VST G — BOPE BESR I, L AT A RLfE 23 ok
SEARRL . AE I, ol BORH AR R T O AL R 2
NG W o X TR X L e M Te ALY St
RUIG AT, Sk Bk vl DL 2w o HJ2 4 Lo
S N i el 1 S e 7 5 A Y i | ) s
AR TR AR 2 b

BV A LR AT DAE
ky =k kk,/k, (4)
Xk, NERSFENLG LHE T

BT R T I mEE e R



b A5 4R
|

%4 SR A R LA HE G M 1Y R Bl PR AR R 4 L vk 745
k, = k EK 5
. = kK (5) _ —
5) AR (st} 125 RERTRE SR

Froude ¥k & 1 H 8T FHEE S sh
AV BT T PR A Fe . S BRI e vh 2% I8
FIBOE, 4 HEASE R 42 ROSF B 22 6] 1Y) Froude %¢
SO AR ), AT DA a5 (6) e 2
s (6)

SRS L, I LA AE LM 25 4 B
A AR BR B MR R, HC R R P DR T 2 Y 2
WASTE o AR, 2 4 R AL R 4 RO AR R R
TR AT — 245 38 1922 TEIRZS T 108 2 JL A AR
oL, J5% 2 AH LR Froude iR AL EE 3K, T 45 L 5 A
A4 RGP BERAEAE 2 RS T ER R RS
JEOLI o B, i3 Bk T 25 R LA R M 1 4
oy i 45 AL 72 TR T 22 A A I 32 = A ] AR 4 bR Y
A4 RO RER 2Z2 [A) OR B AR AL o 300KF B 4 52 i 26 4
Bl SRR AR T DO Xk 25 B TLART A e A 7 45 4 7 3
FAtE .

Wan 1 Cesnik "’ ) BIF 5 ¢ W £k 1 1 JL AT JE
LM B Iz 3h 07 FE 0 48 L I 7R A E R AR [
o PRI, 46 H A Y S ik T Bk 4 U I 7 s
R, D) 4 LS R 5 4 RO R R 22 ) 1 <3l s v A7
RN LR ST R TE RS T AR .
(1) ~=(6) A, xf 3% B LT HEL PR <3l
S A5 LU AR T 5, 24 F g AR AL v DU A O B 2%
PRI AER L by UL b, HERITEOLT,
VER AL BT H AR YRR BT A5 R [E] A7 1 38
TR 5 R 0 A A0 3 A ] e A E
1.2 #EkAmx
1.2.1 #HRZHumsk

IR S B 45 1 7 R AT DUE Y, 20 x4 R
PRI Y B4 F, 6 TS [ 45 48 2R 4 b
B, R HA AR B JLART 45 L, LA SRR ] /4 53 A I
JEE 5 A BE o A R A (] A AL 2 A (I AT A
SRR AR ) 1 R AT LA A X — B A 4
RO RAUAR HE AR A5 4 F A B B H bR (5 i A5
PEFE ([EA R BSIRT M RBAME ) o it ik
TE—> 5 4 RO A BRE AL B0 5 285 4 P 19 40 B A
R 752 5 P ER 45 48 T8 56 1Y 43 A1 WIS BT AH 4B
PE, BRI R R AL B R Ei A . — RO O T
VETC H ARG LUAE , A 2 FhAS [) 19 1% 58 42V 4 Lo
5 - W TR R S DG IC AR A I k(T A 5 I
JBE J5 S i RS DC P A A e i (5 i B) o 1A
K200 207 A B LAk Bt i A 18

Jrik A LT Bisplinghofl 451 42 i i) Iy
%, J7 % B WJE French fil Eastep 42 H 19, N1t

A PR CHER

sith S
(AT SRR A3 TR

T
A

ity e gk R

Bl L GRS (ik A)
Fig. 1  Traditional linear scaling method ( Method A)

itk
(BrEen)

S ASE
(P HE B AR Ak b B 00 i)

A7 FRCHR
it

[ wbssmem)

Ay | N
PR
Y

ik HASH
BHLEZ | e it i

A7 BT

s

fiig th 28

(1A RIS R )

e R
ikt

A R

B2 ARGt s (i B)
Fig.2 Traditional linear scaling method ( Method B)

R 2 Ty R R A R O Y 2 M TR R, X T
AELR PR, 35X 2 > 07 ¥ iy A Mk o 2 17
— By ERIIE
1.2.2 2 B JUAT Ak &M 64 45 o o7 ok

5071 B JEL, 38 5 43 ) UG FC A R 04 W B2 R
T A A R e AR SRR PE . Tk (i C) Y
TR A3 TR 7 A B 7 1 C Y X ) Ak B AE
51 BB NI EE Ak B b, FE Tk C oL S
BRI FE AL ST T S8 2000 A8 20 25, T HL i@
AR APER 1 TR IRAG AR LR U, X



746 Jb SR R K ¥ ¥ R

2019 4¢

ikl fiABE
(BrEe1) (P HE B A At o B 3 0 £

A7 TR
AREkdki 1123 B

TS Tk

[ wmsumm

Ry [N
el
Y

i WA
L | migi it s io

A1 BT

fir i B
(5147 A R P A IR )

HE RO
P

il R

K3 FHRJULATARL P B 4 L ik (O ik ©)
Fig.3  Scaling method considering geometric

nonlinearity ( Method C)

AL AR AT LAFE MATLAB S8, 5 41 70 A 5
BEZS 5 8 i MSC. Nastran 4, {0 £ i 0] {1
R HEF LB ML S5 1 B BOay I (16 58
Ja Al PLEAT A 2 [y Ber B LA , i A Y
A AE DT PC 1 Al 2 AV e o 17 DG A5 25 R
(A BRI IR ) .

WIS S B, Xk AR & A g o L ) L 4 G AR AR
PRIME o X Tk IUAT: 55, 3k T 45 A0 2 28 3 o I
HSMEERGEMBREER " SR
AT 95 0 2 30 3 A W 26 AR R AR G B R
TR ARAT 5 AR A T 20 B 45 SR AR R A ) S
27

AL E YT S AR BT AR | d R 2
PEUF | R AR L 3 20 B i ik 5K A Al 26 4 F
W7 e (7)) TR ARLANE LT x| o
[Ky (d) ] ixy | = {F} (7)

F 2RI B M [ K, (d) TR AR 2k 22 JE
Loy, AR B SERLBAT { F |
[F. | = [K;(d)]{xy! (8)

1 SRR | F RPN [ K, (d) ]
K AT B SRR MRS AL {x e
(K, (d) ] {xy,, | = {F,| (9)

R ORAE S5 R M 7 58 B AT LABRAT i ALY

PeAb , 55 250 H 25 28 far 16 75 2 — A~ 36 A 5 B Ok T B
YRS R TS &, AL WS I R PR A Y
e AE I 0 5 AR 2k 2R G % i 1 AF DS RC .
et - (xtlse (10)
i ARG e IR 22 BB W ER
HI/INED) o I FH 45 200 H A5 38 far Tk 1 2 FE A & 4
fi s o

ZARAL T AR 2 A 2 A8 (A3 A SR B T )
HWSHE I o w5, FE o3 s R AT AR Lk D 43
M, SRR AR e X855 88 I, AL 4% 3
Ao 5 R A AT 3 A A B O R A SR A 2
faf 25 A4 7 205 130 kR AL b fe s L
b AN W 3 AR B b B B AR R Al AR Lk
RGEMEE RGN XN B T IRZEW R EK . %
i R HAR S BN S TR .

A SCH W2 BA U T R LR R AR 1) 25 7
TR B L, BT B 4 LE RS R B 5 4 RA)
CHLA BRI A, BT DL 3 AR 4 4% 40 4k 1 4

b (::E%&migﬁ::)

pias |

T i
il

B A

(Paip 2tk i qe

B4 o B SR BT AR A i AR

Fig.4 Flowchart of analysis and design domain optimization

BAZM
(R it 2 MR S D)
i
| i1
p— i
), MR i
AR | | S el
eSS | Ty
(F ) =K ) tx 3,
¥
| SR L
[]
| ity i
¥

| IR K, ],
!
AR ARAR ST T e
{F.},

F"- e
” eI

!
<QE§§>~—{ WAz ix, }, Yt ) FIER
b4
(ak)

S AR A A 15 10 5 B A

Fig.5 Implementation procedure of equivalent

static loads method



5 4 3] SEAR LA 5 I8 LA AR R B Sl B AR R 45 L 5 ik

PU T3 IR G S A A AT IR R S B — A P R

2 &= E

2.1 &R~H&E

ARG P 4 RGP R RE — ZR HA KR 5 L
FVEPLI A BTN IR HLBLEE 9 S 52 H 3125,
J& TR JEZ LI o LAY AL B R Ma =
0.1, 1M B o 20 km, BLI MY TS HAERK 1
A

BAPEASE 1B 10m KpgrpRE, 2 B
10mi A3, 2 Br 10 m Ky oh3E . BEAHLER
LGS W RIAT G S, B @ B B, A T %
240 mm , 5= B0 170 mmo 3R A IS A, Al
JE SR T I e s I A M o A RS L3R B P T A
N 6 Fron ZHLAS AT R A B 7 PR o AR SCIE
Fl MSC. Nastran #0504 RSP B BEAT SR A58

AR SCE Soxt 4 ]S 5 B R AT AR A A AR 2 P i
153 B, LAVEAL 2 Bl A Z 8 25 53 [ 8 SR
TR G SRR N, 3R AN 5 A 2R M )
AR A SR 22 S o MR SE S a3 i o
J1 KT BA R 5 3R R

A n o R B LW 3 50 O S ALAY BT
x1 2RINENEESH

Table 1 Main parameters of full-scale wing

B Bl
PR BL/m? 80
W3 JER/m 36
PR/ m 14
FANZ K /m 2
FHARELK/m 1
LA BB RE kg 202.5

6 HLILF- T A1 )

Fig. 6  External configuration of wing

fol Zeshbm PR

K7 HLEsH KN A

Fig.7 Whole aircraft structure and internal structure

15

| = &= = LtEH N 7/
—— LR T /

O

B ) BT /m

e

0 | 2 3 4
EUEE S
K8 FARAIE

Fig.8 Variation of wing tip deflection
MEE S s Hr KB, B o 48 R W 3G m , 2k
AR LM AR TE i A8 A 208 W o0 25 . Ml R
4B R R 5 LR TE A
4.07 m o 3X J& PR AR i 1 o0 A i A 25 08 T ) BR
Wit 1 Al 1) 43 00, BT LABE IS 23 ) AR J5 ] #8 8 o
M 8 BRI LUE i AR B 1.5 i, AE L 5K
JE AN B I, 33 2 PR A AL 3R I B A K, 28 3 /N
ZEMA A BRAE LR B E . Ml R
9 3 I AR IR f 0 FHLEL fA & U Il B AR Lt AN
Ltk mE 9 o, Hd b HEEKE,
B &9 AT, Y AT AR R MR ) o i, S A s 22
T3 —>WIEERE AR o 72 18] 9 v 2tk AR 2k 1 78
a5y 2 1) 5 s AR 3 g 209% i 3 1) 47
X H W AR A G T A o

FEXT A SCRIBESE , 5 40 LA A e v 3= 22 5 [
FRAIRAS b BRI ALH [n] LT, 1] FH BR B 7 1)
A £ 1 SR A A T LA K R 27 2R G0 1 48K e R B
R AT B A2 A2 TR AR S . B 8 AR 9 6B 1 etk
AR LM 7 43 A Z 181 1 X3 LA K Bt 3 435 ) 1 28
T 3G I, AN Wi 1t 5 1A B I P B8 325 ol 179 X 6 2
2.2 HEEEiEEY

AR TR O A AR LR b, =001,
k,=13.764 ,k, =0.316, 3 1 H t5 4 Lt Z %07 LA
TE b X R R R . T R A R R]
A e DI, 15 T A8 o e BRCHER TRD A T )2 A o
587, BB AR A BRI B PERE 1A 1 LA R R
A HE T LR 4 b AL Ak 22 T AS 57 22 X6 46 L
AV ZE R Xt A7 3t , AT A R Ak 45 A X 4
TR VG 2 AT L R AT 0 s B ke AR U T L
{5 B o A T {45 OS2 E B 3 4 RO A 1Y)
B R DT PR A HT 10 B [ A A 2 R
AR A RS4RI, AR B AR T 90% , 42 R



748 b5 M = MK k% F M

b A5 4R

2019 4¢

0.08

— a— = 2R T
——— RSN 1T

0.06
-
£ 004
=
0.02
0 02 04 06 08 1.0
_w’%
() HETFE
— o = ZRVERR )t
0.04 AT -
—— LR ) A
0.03
2

0.02 -

0.01 -

0 02 04 b 06 08 1.0
(b) 411%; fii

PO BT 4% £ FIATLEE 1y 11 A2 Ak i 2
Fig.9 Variation of cross-section bend angle and twist angle
PO Bk 32 2 5 4 BB A (K 8 FI56 S
IS (—H)Z 5, U FEEESH 4S5 S5 B
RS VT CAH A BE o [R] IR, 446 BE ASE 7Y A4 RO A8 7Y
F1 5 S D P AH B AR T 90%

SN LA A3 Jo 0 5, A6 HEARE TR i 4 RS A
RURRE W JLAT 4 e o 7EA7 HE A AR v, ik 2 54k
B B AT ALN 457 LU Y A 25 R 30 1 o 4 RO AL
T FT SR T A4 RE Sl 7075 858 <6, SR TIORS 8 46 L S
AT EHE ARAETE I o T LATE 45 L 22 28 6 48 LA
YR RTRNEAT O S0 0F e o e 2 R Mol T A e
PR He FBRAFL 04 55 55 55 S 4 by 40 LU R A 1R o

RS R Y H B2 ol 48 HOASE R 4 RO A
TRy — SO (J5T 0 8 A 038 RS R B LA S A %
JEJUfTARZR M 1 7 05 v Y AR R P i ) DETRC . 5%
25775 FN(SSR) J2& 3 A i 1 28 5 ) — D BEAR S

3 HEHEER
A0SR PR TR T 00 B85 X 4 LU TR F 5

AR PEATAUA , R A5 4 L R ) 4% B [ A7 0 R
IR 285 i TR 5 4 RTS8 X 17 o ) 11 A 431 23 A
BIRFAME RS 90% L)L o 1.2 1425 72 fp
A NE A LT3k (kA 5773 B) LK% &
JUAT AR LML 46 e J5 12 (J7 3% ©) o
K2 NERANEAE LTk S BAERARL T
A5 LT R AE RSB, Hoh U5 vk B Fr ik C g
gs T B M B2 (IS, K2 AL
AL,k AR ik B R T Ok C AR R D,
JIT LA 24 45 K A £ R0 AN WY S 4 AR
RMEAR T ik SR, 2 % B8 T A A A AR 2R Rk
IO, AR e 2k 4 He T 3 Bt i A BT H 3 45 2R R
ZEBOR, Toik Ak 2% JE LA AR LM A R 33t
T R A M B AR R AR AT O, AR SO R
HH o P 5 S A 2B 3 AT AR 4 M e R DT
KX Bl g 2 A BR TR TR 1% A 2 e i e 7 - 2 0k
FropE A o X il A 25 R LA Al Lk 19 07 2k K15
AR 2 3R AR Y M A% SRR 4 e 7 i BT Y
BRSO B LA KA TE B FBR 4 LU AT 1 L
Bo BB, ik C it m BB AR 4 1 i A2 TP
AT 7 B, R SRR HARME (18] 10) .
BITLR R T e ek M4 b U7 ik (D5 kA 7
R2 RGKUBELEAESERILMIELEDN
A EERSHYLR
Table 2 Comparison of result parameters between
traditional linear scaling method and scaling

method considering geometric nonlinearity

VRS BT AR A SR A i ] /h BRI/ %
Ik A 27 1.5 8.11
FiEB 30(24 +6) 0.9(0.5+0.4) 9.95
Ik C 30(24 +6) 2.9(2.4+0.5) 2.80

1.6 -
—— 2T B4R L (E |
— & - B ”~
e P ~
12k -———i JikC /{
7 - - |
P 555
E A
B O08F G
£ / »
E L
= =
1) V4
= 041
E- e
7
Vs
0 //
L
04 L L L
0 2 3 4
SR EN

B 10 Rk 3 A0 3 1) AL B

Fig. 10 Nonlinear wing tip vertical deformation
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Scaling method of aeroelastic model considering geometric nonlinearity
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Abstract: The high-aspect-ratio flexible wing has become the main structural type of emerging aircraft
with the increasing demand and performance improvement of aircraft. The wing type holds the inherent charac-
teristics of high lift-to-drag ratio, large deformation and low weight, and the geometric nonlinear effect is obvi-
ous. However, the high aspect ratio will lead to larger wing deformation, resulting in nonlinear aeroelastic be-
havior. To evaluate the nonlinear aeroelastic behavior and reduce the risk and cost of the design, it is necessa-
ry to design a scaling model and conduct wind tunnel test with a scaling model to represent the aeroelastic
characteristics of real aircraft. Based on this purpose, traditional linear scaling approaches are applied first.
Two linear scaling methods, stiffness-mass coupled matched modal response and stiffness-mass decoupled
matched modal response, and continually optimizes the design parameters of scaled model structure to meet the
target values. Then, a new method named the nonlinear static deformation and mode collaborative optimization
of the dynamic finite element model is proposed, which employs two different optimization subroutines to match
the nonlinear static response and the mode shapes according to the full model equivalent static loads. The re-
sults show that, compared with the traditional linear scaling model, the nonlinear aeroelastic behavior of the
full-size aircraft can be reproduced better by using the geometric nonlinear scaling method.

Keywords: nonlinear aeroelasticity ; aeroelastic model scaling; high-aspect-ratio flexible wing; equiva-

lent static loads; geometric nonlinearity

Received: 2018-07-11; Accepted: 2018-10-15; Published online: 2018-10-29 11 .27
URL: kns. cnki. net/kems/detail/11.2625.V.20181025.1141.005. html
# Corresponding author. E-mail: 584557071@ qq. com



Ae A5 4R

20194 4 A t=EM=EMEK 22 = April 2019
Y iFk ?ﬂn .ﬂIL jC—T—.—T— R . ) pri
a5k A Journal of Beijing University of Aeronautics and Astronautics Vol.45 No. 4

http: // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2018. 0421

— S s ZR A A I tE U B 77 0
B, AR, £5

(et z AR R Az B 5 TR, dbat 100083)

jbuaa@ buaa. edu. cn

i B RERAEMNFSEENRELZ AU EZFHAREREM, B d Ti
HEARNERRTEREREER , EOEAR T E BN E ARG, WL ERGITRETEN
A, Bt xR WP S S AT P R, KR AL G 2R e A LR X, Bt T AT
REHRETENERAME, RET —FETHEFIN >N FNHSHE T o7 EmRERER
BHMEARN T AT TEEEGANENE TR T LR A0 RGIHEREZERE

REFTEMNEBN X R, BB ENUEHA R T 0 6E R,

*x # A
hESERS: V215.5
XEkARIZAD: A

LGS AE B E R B B, T AT O
T A S I, A AL R SR ME T A, KL PR
oy Py FRAEAE 5 R 0 1 IS B0 A 25 5, i ALAE
) 35 o o8 P 7 o 2 O B O O ik A i, R
RE S B ML T 0 o S PR TIE LS #1122
V5T, B AL 8 1T L A
W GRS ME N TRPL A M T AT
e, B WG LM 24, e, i
TR IE A BE 5| & M S RPL B SO
40% LA I, o fy T R % 48 O S ER A 9% 55 R =
FO VK SRR I H R s 50% . i Tl
P& A8 T2 BR A R R B AR 1 25, e AR
B MRER 2Rk R A A, B R 9%
SF ALY R 2 A B B, 04T A
B 22 4 )15 B0 R 7640 & 45 75 i ) R — A )
R DR, X A I SRS R AT A MR SR
IR PE 5 IR I T

BAHL A iy W B T A A O A A7 2 o B R
8 i B AL LIS R B B 4 A
WA AT A B T R P EE R,

RERRH R KF R RAAH LD, R BRI A0 FH &

XE4HS: 1001-5965(2019)04-0752-08

T T T A e 4 K o R S TR 2849 B PR
5 WA il 2o 8 v - R A AR T A7 T
BT A R AR B, 20 T 15 458 45 20 45 SR AR R
PRIAE T o X 7 42 B LA B4R - S
2 g, Oilid S5 A FRIT T o Bk R I
B4 SN 7 X VT F) A R 25 Al Sy 6 A 1)
FRRE -1 AR AR A IR A B AR Ay BT
i SR B 5005 o 3 il 7 i 0 D A2 2, T 3k
FECHE AR B A5 3 2052 0 JR) 38 R - A8 R
A, H TR OIF R AEAE ) 5 A BB
W, @ R T AL M I 45 R T3k, R
JHE 45 45 05 B2 0 47 B 28 SR ——SWT 24 50" 3
A U T G 2GR A, 4 R R I S8
5 i S, 0F L O T 5 AL A 24 4 4 £ 15 )
BABLIE A LSRG o KA i B A E T T
B F R R T A G A R RO A Y
AT RAT I AR O BT, B
T7TE 125 48 - 00 80 4 T 00, 0K T A 9 24338 A7 7E W
B R0 B 5S4 A S R v
FHE LI 5. PR I, R T S R 5 A B —

YriE B A 2018-07-13; R A HH: 2018-10-15; £ H KR A /8] : 2018-10-29 08.57
P 4% H R 3k . kns. cnki. net/kems/detail /11.2625. V. 20181025. 1414.007. html

+ BI51E&E. E-mail:xfhe@ buaa. edu. cn

SIAE: Ak, AN, FEE —FEBRBFTHACEAR T ET]. HFAERK A FFR, 2019, 45 (4) : 752- 759.
YAN CL,HE X F,LI'Y H. An approach for similarity discrimination on landing gear load spectrum [J ]. Journal of Beijing Univer-
sity of Aeronautics and Astronautics , 2019 , 45 (4 ) : 752- 759 (in Chinese ).


qwqw
新建图章

http://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK201904013&dbname=CJFDPREP&uid=WEEvREcwSlJHSldRa1Fhb09jT0pjeGxDOXJqYkFZVVkyTThzWm5rNEFoVT0%3D%249A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

5 4 3]

BN PR, 45« — ol v R Ay i A AL 0 531 7 v

Je AL 4
(g ) | -

S S VR SR 7 i W A R B U AL, ] R R 4 4 1A
i RE S 1) 1Y DG B o A 7 ik TR 28 A T 2840 7 36
P05 153 DR X 0 O = 8 SRS T R 4 T
7T AR Lt R e . SR R 4 R
BURE ! e 0 3 6 5 YRR V8 1 45 R 32 P - TR R
iy s RS 7 AR AR AT IS T L O BOA 40 1 R AR
WAl LAERR TR A A

RETI 5 250 2 WX T4 B8 AR AR LY
2 AT, R A W] B 458 43 3 58 O s R LALAG 2
BOAHERR A0 LOAEL o PRI AR SO % PR 918 i o 7%
T ARSI S5 R, b Tl o A b B HL I B
Tl ) A ) T BRI R v T 0 R AL
T 43 A 58 0 1153 0 vk i 3E P o H DG T 3 i
AR B F 58 5520, AR VR AT ol b 0 R P B
12 28 7 3 2 AR [ 7 ( Spectrum Shape Factor,
SSF) N AL LR O PR A A 3 AR B0V 1R i
T3 AR 5T b 3 3 A 45 1 0k i E S BT AR B
R TG, Bh RS R T
Bhattacharyya B 2] (i #% B ME B ) 45 & % & & fiy
{815 J WO A o D% 15 45 800 A i A BL R
AT EATS AR & Tl A o M AR B RG22 . AR SOk
T I FEB A A R sh At Okt AR A IR
AR A 2 1 25 S ) A 3 1) A AR 45 21 BB
5 FE TS AR BB R, Ol o Y R 0 0 T vk T
HIRESTRIE,

1| BRI

A M R MR T
BRI 250K S0 60 W B 24 B 7 7 R
ST SWT 45 FIZL HE BB 36 60 J7 2 3
SR B . R TS R T SN i
(3(1) ) 22 i 454 09 25
S"N = C (1)
Kb .S WA HI 4 SN TN N4 U T S Rk
SN 1R M m I 15 R 5 4 e A
BB BAR X 6 o FRIOBE Y S-N 1l 2 i T
LR m=45C RRDRE R 49 BB G
gy TR AR A I 9 55 s R b
1 Ty 2 AR < R 5 U
W5 A I B 5 M 2k 9 95
B 2 Miner 2 B 1 5 B BUB 5 98 , 9/ 5
0T et (2) 15
g - L5 (2)
TN T
R C A m K KO A RS T 1 SN 45

B0 N NAE S| 1K S, R 7 fir e RBUS IR
1 P14 45 15 21 2 Ay 3 B SR O TR 0

» "
Dy = ;di = Z C (3)
K en AR IEIR B Z M 5d, N5 @ DR
PRXH A 3 J R 55 5 € 3206 BR N T L Y
SN o O T2 BE AT I TR A R ) L Y R, SWT
O3 SR BT AT B A7 A1 B8 3 36 b Bk 48 B (1 A L
gy - 1) HIE AN

1 -R S (Spae = Sin)
= = - - 4
S = Se) 5 J 5 (4)

ST 18,9 Sy, 9 B BFARER 0 B 5 B/
3R LS s S SRR B By B — 16 4B
TRFRREE. 510 B IR 0037 1A %
PENCE 5)
=

SO AT HE N — 1 SN i B I (K
AL, AT LA o U IR IR A9 S5

d, = (S)% (6)
BAHLIE Y AT LR IR
Deq = Z(S,)Tl (7)

eV HUBLIE A0 5 3 4 0 AL
A 0 450 , 15 6 B R 0
S SR 05 10 L (D, 25 2 5 M 1950 30 %
G BT A5 2 L T
PR (8)
-
Kb Dy HHL A 205400, LG T 1
Do o EHER A R 51 S T 0 4 R
5 452 2 T S

S5 BT K 1 N
S MOS0 2 B L3 5 A 4 2 A 1)
I 5 G B 0 2 B 05 5 1 B0 3 )
B RO LA B0 % B R
ELRE B T — % 2092 905 1 G T 25 26 L3
a2 5, B 2 1056 A PR T
B2 I ) Bl R £ 0 A A
SAR L3 1% , BB % B3 5 0 B
WL

2 EERHIEENEUAEES

2.1 EEZRBEIEAEME

SR BEALTE i RR AL 5, A AE Y BF 5
B T LA 28R A - I A AL 2 A
T 3 e A - RS KA R A E 2 A 3K



754 b5 M = MK k% F M

2019 4¢

A7 45405 A 24, L 20 - S 2 o AT ) 4
THEOR B, 2 28 T A Y 26 0 E B B XS
Gassner £ Y 1) 48 107 32 90 34 U0 1) 22 SRR P i,
Heuler Klitschke' "> #1 Facchinetti"’ $ H 5% Fi #%
FPE TR AR DR o 0 ) 2 A 3 R R .
S-N ik 5 21k R RS, SSF E SCH

SSF = gﬂ (9)

A YN, R T B 5 G A 6 2R K
D Ny IR T Btk b a5 SR 116 2R A5 B0 4T
Rt R B X AR B R Z A %07 R T o
PALAC TR P B3 1 A8 I 80N R 11
SO AR B R A 0 05 T A Y AR TR R 2K
A7 1 5 20 I 1) i 2 R EE o AR T by AR 7 2R AT
AT AE R AR A 52 BLAR T, T i R O 5 A5 6
AR, DN TG ¥k G Jd SSF ok AL 28 4 315 19 1
o AT EAT T TEAR K, T 4 10 28465 315 119
AL 2 45 P B Ay 17 91, 401 A Se e TR, (5
AR EHA —E B AH R, RO # 2 38047 H B AY I
A3 B R o B DL R A R R B — E A
AR o AN, X TS T A5 ) i 7R A2 14 A, 7 —
A v Y A TG 8 T RPL AT (T M AT 55, i YRS
(9 Bl 1R A — B, A AL & 8 Bl R AT R B
BRI A T AR A A AR o A A R 2 A
5950 3t 5 A A M TR T B 5 N AT 2 () R AR AT
{1 o B A X ], T A A B — g S ¥ 11 28
ARG HA—ER AR B 1y — B i Yk %
DRI 751, Y 2R B B 2T

B X 7 2 A T X — R R A e B 5
MR S8 £ B2 HR A, L AN [ ¥ 2 284 3 114 AH AL
FEPE o 55 3 AT 1 AS o b2 — B 6] Fp 51, B 2
8 2 28 O B R/ | BRI A R O,
A R B AP B R AT 3, DL R BRI S S

1.5

0 100 200 300 400
AR AT

1 T B AR
Fig.1 Typical landing gear load spectrum

G P, T X 268 A7, =2 ) £ O ¥ i G > LA 22 %
— BEBRA PP 9 3l 5 1 6 [ B A8 ) b 4
[6) J 31, 0 905 4 0 207 8 ) MR 1 I R s A
A S s ]y o 20 4 ) 37 4 A 0 2 i 4
2.2 EhEsEEZ

BB ZS I ] 25 il ( DTW ) J7 3 JiE 4 i 7 42
F AT AR E . DTW BEES i Berndt Al Clifford
T 20 20 90 4B A F I ] 7 51 54 42 48 490
U AE ST AT A R IR
AT L 3% 5 T S I ) e R R 8
A —— DT E , AT L SE s SR 5 R (8] K 5 9 22 il i
B B9 38 S 0 41 65 3 DS IE , 4 Ak I I B s LR A
X 25 WE T F9 50 68 LA A5 /0N PR A A0 8 758 P 1 i 25° il
TG A 45 B i) 97 2575 1) — X 22 B DS IS . %07 1
7% 7 B UL 2, 18 2 (a) O BROEG BE B IC R,
 2(b)Jy DTW BE B ICAL, X 375 T DTW 75 ff-3F
R B R AN BESR —— X B, TR P
0]y F5/IN B ER B B 2% 7 v D 7 V% 9 A A i
FEABJEE He A8 T, T LR R DG I 1) 4 A 2 74 1N K
e 55 B /N AL, THT 36 2 5 1 J2 o 454 495 5% W 6 K i
T4y, BE 1% 7 vk AT LA TR 9 R 3R 3 A
0 40 51

DTW J5 i DL 3l 25 K30 o 2 il 5% 795 57 i 1]
90 1 do S B 5 . LR AR A0 < A ) 8
T, ={a,,a,,,a,| , B EFEH T, ={b,,b,,,
bt ,a, Fb, 53 BIFER 2 Bt ] 5 51 4% R RE A
$t o AT IR GO )L HE R L B s m 4T n B
{9 B B3 S 15 D, 1)

(a) BKFCHI A VAL

— 51

(b) DTW i g VEfL

2 BRIGEEBSITHCS DTW B g DT X ke
Fig.2 Comparison of Euclidean distance matching and

dynamic time warping distance matching



AL HLF W

%4 W BRI, 45— T 28 B0 35 A DL 40 3 O i 755

d(a,,b)) d(a,,b,) 700 .

D = % : : = (10) 60l e Hﬁ:ﬂ 4— A, ¥ J134600 MPa
Ld(a,,b,) d(a,,b, )l 500 s |#+— B, 7 J1 4500 MPa

A id(a,,b) = J(a, -b)", FH— KA é 400} »-C, Ji 114400 MPa

15 MHR IR 1 22 b A S04 TF S 8200 10 B 8 e J L O 2l 8 N o2 @ 7

SUMEEE b IC % A E DTW B, B 7 e 10 Tl VY VN

RN — R R BT E— S WE T FEAE T -

J7 BLEEL 31 Y S 2 BB S W l

[E] 75 Y 5[] 75 S Z 1) 4% g WG BE S 5 05 471 0 2 i 6 8 0 12

YA A Al AR N TA], 2 5l 43R I 1] 97 AR SR A
IE ;P 51 S Aebr 5 4 AR Y AT o 3158 DTW JE
NRFER N
Dy (T,,T,) =d(a,,b,) +min{D, (T, rest(T,)),
D, (rest(T,),T,),D,, (rest(T,) rest(T,)) |
(11)
X irest(T,) = {a,,a,,,a,};rest(T,) =1{b,,
by by | iDy (T, rest( T, )) 427 HHE B 7 91
T, 55 BR AT — s AR 75 T, /9 DTW B g

H]

L

|

1

|
=t
J

B3 Shasay i i e e
Fig.3 Illustration of dynamic warping path'"®!
2.3 ETF SWT A8 DTW Fi%

2.2 R DTW J7 i 0 F T 7% 28 A 1%
ST AR AEAE — > [a) i, B B [ D P e ER
AT T R 0L A =2 TR] A KPR B B, R R R AR 1Y
P YA 2 TR 2 AT A =2 D A BRI B S, 92 A
FAE T AT o5 Z (B (R 4 0] BE B8 o BRI 57 51405 A
ISR A G, 5 EA K, et
PRI 4 Fros R A SR BT 5, N A% 3
ff s N Ty o RTBR IR B35 A B Ml 5 B.C 1]
URE RS, 45 R WoR A AE, B A B (] 22 S R
JE5 B C [a] AR TR, SR T M 55 28407 35 19 A
LA B W20 ) T B L C ] P 2 N
1A O G PR T L B B R Sy AR HA
05 38 A5 W AL R KT € 720 B BRI, %
5 BT 0 AH LU 20 BT T S 45 A AT R (A
149 F43 6 55 L, T XG5 4 AR AN B T o

e
B4 BEE TR T AR

Fig.4 Comparison of distance calculation methods

o T B R v Y T R IR B A8 S B 5 40
Dirg4s i, RER BB g R . =%
S5 1 R R SWT A, Z A A EE — 1P
147 408 B S5 450403 7 55 O X B B, AT LA 2R S B Y
1B R ) 52 00, K BE B A M vh e R s
d(a,b) =y[c(a-b)]" (12)
A =maxt lal, 0]}, [al [0 a b PIBEES
IS A 45 X (B, @ b D AT BRI B 0 A, 3% 28 5 0OFF
2 A BT T TR 0T I AT AR A S — A A 7 B
(a, b) FFRALEM T SWT 24200 75 ik 31 5 1%
FITZAE P00 S5 008 PR WEAE” AR SCRR 2 S
PR .

RERRZ R ", J2br B3 (2) FF A 2
RGBS Y Lo R A0 B B s S B 2 3
IR ZAF

1) B4t ,d(a,b) =0,

2) MFRME,d(a,b) =d(b,a),

3) =A% d(a,b) +d(b,c) =d(a,c),

M (12) AHER I, 55 1F 1) .2) 5 5 i
AL FRAE3) IR, X (12) 5 SWT 24 U %
d(a,b) =28, (13)

(13 [l i o 96 A2 24 2 461 3 19 ok OB 5
PR 5 0 B A SR B & Lo 55 IR K] 4
NG OL , — A~ (A, C) AT 778 35 3 180 A 458 473 6 8
KRE(A,B) 5 (B,C) ¥ 1&g i Z M, 2 5
8 d(a,b) +d(b,c) <d(a,c) , DL =MAN
S X RWIERRE A (12) 2 SO B,
AKX HIF A R IEE L IR,

51403 8 T LA B Jhg DS 5 408403 14 A
P £ 28T ] P9 30 DA R B, 5 A 0 AT 1) 9 25 45 4
ZEVBIN W 7R PR B A B4 0, [ R DA 4 vp
AB.C3 G000, R (12) 73350 1E 4 A



756 b5 M = MK k% F M

e A iR
A

2019 4¢

B o] B C &) {5 O BE S , Wl LA B d (A, B) >
d(B,C) Bl B.C Wi xi 8] 9 4 5430, 4F & 52 57
BOIRE R . PG I% s (12) 2845 5 18 T 800 IR 1
SEMERIRZN, 0] LS et P 2 A 14 AR

3 XK

MRS 1Y, R A S R R
i WA O, T E 515 22 S B SR HE T 5 AL
FIR) R ) A5 38 AT T 38 000 o MR 4 AR Sl i ) A AR
PR 0 T5 3, HEAT T 592 56 30 IS 28 i 1Y 52 4
P, R A 1A b i 2 i 00 3153 5 s AT T
I BT g 5 B 5 R 25 . MRS 2 A
AR AL S0 531 O v 1 B4 B 4% A T 5 T Y
DTW 5, 45 18 2 W 46 475 B0 A9 A% )52 Bl DTW B
Ry R AR, B DTW Jy ik Al L] TR 7% 4 4
7 1 AR AU A
3.1 ERETRATENGE

PR R AU 7 R A i 728 AL, 3 R R
FA S 4 449 30CrMnSiNi2 A |, i 4 K 300 mm,
JE 7 mm, FEFE % 50 mm, TAEE T 30 mm, &5 A
— A48 0y 10 mm B a9 B A 1 2 R R
JER, =1.6 RS ILIE S,

300
— 40

50
30
I T

5.3

IS L IR BN
Fig.5 Geometry of specimen

3.2 & 1 if

BTG R 2 280 1 R IE AR R R
Tfﬁ%{ﬁﬁﬁﬁﬂt*‘l\‘xﬁ Tole 2 ~ 3k 4 ﬂﬂ 3
AN P SR BB AT 1, AR AT IR Y O RSB B
AN 2 A0 500 RORATR TR

7R DTW J5 325 AT LA IX 43 25 £ 135 04 A A
FRRE OXF HE v A7 1 AT /N B B, UL 6.0 T IR
BEUGE & I (E /N T 40% B K3k, AE KT 0
(28 A 0 26, 75 3038 1-1, 0 BR 00 BF o5 S 76 36 8K
0% o R80T i A 1 5 141
924 0 7, 15 B9 1-1 SOk 1 BB HL{E%J
0.954 , 2 B IHI B 1) 28 47 796 B % 3 1 ik A I
M, WEEEIE 6, A] UL B /N 48 22 IS 2 A i ﬂLJU;Z
A TIRERAEA o XF & A AT 1% HE AT R TR

IBCHs 1 Aoy i 26 22 %Jﬁiﬁﬁ%ixﬁlﬁﬂ%% W
7o PR T F st i S 5 201 i U6 L RO g 5 2 v
B R T B4 AR, O\l DAy 25 2% 288 £ o 0 i o
T PR Y AR

1.5

4= 10

i f

HAA fe o (i

ol Ll
ik

035 50 100 150 200 250
Bt
B 6 3% 1 H 534

Fig.6 Fractional load sequence of Spectrum 1

=it

i SE—

10-'F

102}

B RS HE T R 28

10

0 02 04 06 08 10 12
BT (B REHE R e R )

PR 7 RV S A R T 0 L - A X e R ot £
Fig. 7 Relative peak-relative excess curves of

landing gear load spectrum

3.3 XBHER

% 7 S I AE MTS880-500 kN Hi, ¥ ] filk % 95 52
Wl EdEAT . R H SRR E S AL Sk B LA
EXT NI W DY) =) 1= 31§ N3
SLHGAN ANy S He, MRN8 R T ki
TE A BL R R W R, WSS E R B, 7R R K
Ao Y DX I A 2 T 22 YR AR A, e IR S T AR Y
FREL, DG W R A Wy 0 SR )
AL R 2B R (L, N) Bl , o Lo AL
HI 2 PR R TR B, NV O AT R V5 8, B 9 91
TARRMIE TR (L, N) Bdi . ek 0 Eak
B LN A KR T A 4 A R
B, U (LN HO R = A B0 3 ) 2
O T AL 8 A 2 500
o BB EE Ry 0.8 mm X1 1Y 9 97 75 i hy 4
QX%E%‘;ﬁo A R 2R B0 A 77 i e M X 50T 2 4y
A B 25 A A 5 Oy 25 T 5k
wr



BN PR, 45« — ol v R Ay i A AL 0 531 7 v

AT R
-

%4
lh
= _ 1
h 218 .
- 1 < . (14)
@:s=Jh_12(lgNi-u)z
E i=1
LAl = 10%

N, % 57 280 A T3 i s h O AT B0 PR B
B Nog H A i 5s R EAF AR HERE o X4
A3 5 R 24 0 T Ok AT A A BN, D ofE
T 1 i D S TS A AT 3 T A9 T A
L, AR IR 1o &L 8 Oy S R W 1 & F L, 1 9 R
01 ~05ils 1 T HEATHZ S5 L4 m 5 AFil1F

B8 il 1T MR

Fig. 8 Typical fracture surface of specimen

under Spectrum 1

= 0]
. (2
A 03 ™ A
v 04 s LA
+ 05 v ” * ™ i
L]
glﬂ"‘— 5 = ‘..I‘A
E = . * - - A
=3 . - i
S A
. " A
v
IO-[ 1 1 1 1
7 8 9 10 11 12 13 14 15
NN

Ko %1 FERLY LN B
Fig.9 Lead crack growth (L,N) data corresponding to

Spectrum 1
x1 FawFpitER
Table 1 Statistics results of life
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Table 2 DTW distance between individual

spectrum and reference spectrum

A i 1-1 2 3 4
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Fig. 10 Relationship between DTW distance and

damage calculation error
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Table 3  SSF results of different load spectra
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An approach for similarity discrimination on landing gear load spectrum

YAN Canlin, HE Xiaofan ", LI Yuhai

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

Abstract: The life monitoring of the landing gear structure plays an important role in ensuring its safety
and economy. However, it is difficult to accurately predict the fatigue damage of the individual spectrum due
to the complex high-low load interaction of the ground spectrum. Therefore, based on the equivalent damage
calculation method, the paper analyzes the similarity between the individual spectrum and the reference spec-
trum by analyzing the individual spectrum in the life monitoring, and then analyzes the applicability of the
damage calculation method. An approach for comparing the similarity of landing gear load spectrum based on
dynamic time warping method in time series analysis is proposed, and fatigue test under the reference spectrum
and 4 individual spectra is conducted. By analyzing the relationship between the damage calculation error and
the similar distance of the landing gear load spectrum, the rationality of the load spectrum similarity discrimi-
nation approach is verified.

Keywords: landing gear load spectrum; fatigue damage; individual aircraft life monitoring; load spec-

trum similarity ; dynamic time warping
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R GL SR YERLE B/ (N - s -m ™) 10000
WS GG ¥ JE 1 ST R my, kg 55
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Fault diagnosis for SHA/EMA redundant system
based on bond graph model
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Abstract: For the complex fault modes in the redundant system composed of servo-controlled hydraulic
actuator (SHA) and electromechanical actuator ( EMA ), the fault diagnosis method based on bond graph
model can be used to diagnose many parameter faults in the system. Firstly, the behavioral model of SHA/
EMA redundant system was established, from which the diagnostic bond graph model was transformed accord-
ing to the causality inversion method, and then the analytical redundancy relation ( ARR) was derived to cal-
culate system residuals, and the fault signature matrix (FSM) was created as a basis for fault isolation. Sever-
al typical faults were selected for simulation verification. Behavioral model and diagnostic model were coupled
to diagnose isolated faults, and fault parameters were estimated through ARR to diagnose inseparable faults.
The results show that both isolated and inseparable faults are successfully isolated, and this method is verified
to be effective and feasible for fault diagnosis of SHA/EMA redundant system.
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Robust Capon beamforming based on frequency diverse array

FENG Xiaoyu', XIE Junwei'" ", GE Jiaang', ZHANG Jing’, WANG Bo'

(1. Air and Missile Defense College, Air Force Engineering University, Xi’an 710051, China;
2. Shaanxi College of Communication Technology, Xi” an 710018, China)

Abstract: In order to overcome the defect that the phased array beam has only angular resolution, the
two-dimensional range-angle correlation of the beam is realized by adding a very small frequency increment rel-
ative to the carrier frequency between the array elements in the frequency diverse array. Three kinds of recep-
tion signal processing mechanism were introduced, and the theoretical deduction and analysis were carried
out. The simulation shows the practicability of the two mechanisms. Aimed at target steering vector estimation
and real target steering vector mismatch problem in the presence of the pointing error, the closed solution of
the corrected steering vector is given by using robust Capon beamforming ( RCB) algorithm. And in the two
kinds of signal processing mechanism, the beampattern is simulated. The simulation results show that the RCB
algorithm can form a high gain in the target position and form a null in the interference position. The effective-
ness of the algorithm in the frequency diverse array is verified.

Keywords: frequency diverse array; signal processing; pointing error; robust Capon beamforming

(RCB) ; steering vector
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14 Bl 45 %
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TSN a7 28, & 52 B8 TR B AT HURE LA &
KT R R NG AER, /TRR A
P,=Mg(1 +11.5¢, - IRI «/v) -V, (1)

Ao P, o CHLIE AT IS I R 52 1Y S PR T 3 M
Ry R B i s g N IR T e, R,
BC10 7 m ™« "7 IRL N [ BROF- & BEFE 50 M K
FLIATHE Y, AL AT A 1.

URAIL Y W AT R I8 B S M o B A OB T K
Z W) SEBRAT A P, 0, i
Y, = Mg(l +11.5¢, - IRI -\/n,) (2)
Ao, O TRHL B Al B Y, O TROAL B ML I AY
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5A (1) Il (2) w45 AL B 3 fr 3 &R
k =i = (1 +11.5¢, - IRI -v) -

Mg
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(3)

0

B737-800 {4 Af 5% 2 ¥ WL % 1177 E AN-
SYS15.0 Hr ik H R 2 550 MPC184 Bl K HLHL
B R 45 A R B0 Mass21 LR K HLEH R4 R
i AR R G SR B 5, R -RH e R
JG Combinel4 SR8 480 K AL Y 5445 A B JE , FH 4544
ok A5 SR A TP Y 58 A ok SR MR B TN AN S R
)R ALBE B 3 7o 2K

TR S LG8 T Bl 2 ) R B B AS R
B AT R, X R HL By 3k R BT TS
(LE 1),

F1 B737-800 &>
Table 1 Parameters of B737-80012*]

e Bl ZH Kl
AR R E /KN 792.60 || i E/MPa 1.47
B R G 0.95 || 4 B A/ m? 0.125
F2 il Y5 4L ] FE/ m 5.72 || BEVKJE/m 0.45
FRERRE/m 0.86 || % ENFEHE/m 0.30

1.2

1.0

0.8F

= (06}

04F

0.2F

Bl L IRT AT o 520 R (4 3l fif 288 2 L
Fig. 1  Dynamic load coefficient influenced by IRI and v
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b TR AS (RISl R EOh 1) 5 2 i A7
iKF) 69.2m/s Bf, CAHLAL T2 b R A (B 3 a7 4%
FECRO0) M IEATH LT 0 ~69.2m/s B, KHL
b F I ATIRAS B 2k R B IS S e
PR R T i A e R AL, T T AN X i
TET A e R K 3 T 2% B A e AR 1 1
TE 5 Bl CAL I A7 5 A 3, T 0 34, 1
T ks A P U85, T T R B R R A e ) R
Ko WATHE — & W, 37 28 5 B BE 5 OF 5 1 15
B0 1 0T 3 s AS [ F B BOT 1 Bl R R
FOTE 10 m/s 2 A7 U Je R fEL, T L X4 0 47 8 3
A10 m/sif i IRL M 1 5] 6 3l fof 2% &R 5028 1k i
250. 1, &3 MH/T5024—2009" #f . IRI <
2.0 B SP3k rasel g, 2. 0<IRI<4.0 W F3&
SN IRT > 4.0 B P B S5 20 0 255 1 K £
WA E N FREE SR DL L, H R —
M, 76 S B2 AL T e O AF 5 e, e BT A 4
¥k 3 HIATHEE R 10 m/s 1Y RHLBENLSNf 2
IR A SR 2 AR 2 2 ) A I 1 S A (i ik, 2
S AZE B )Z B FE AL, TR ) 45 m x 15 m
(K x B8 ) B AL 37 T8 THT 25 ) A5 Y (LK 3 T 45 4 )2
SR FE 210 o H R 2 RS 2 0 A T M)
B RSEAY 31 0.1 m F10.3 m, VIR EE 2R 2 &
JE—2F B M HoT A% R T 0.3 m, IR
H0.5m, HEIJKH AT EEEHR,x=0 K=
45m A R 0K x 5] ,2=0 fk z=15m 4 H 5 =
Jiml e KA ZE 2 5 R RO R AT I AT .

k2 EESEHSH T

Table 2 Parameters of pavement structure > 7]

L #ase/
wtgre PERRS e T ik m
GPa (kg -m™)
N/ = I = s
7J§(Fh(w{ﬁi 30 ~42 0.2~0.5 2300 0.15 0.05
i 2
KR
1~2.2 0.2~0.5 1900 0.25 0.05
R IR
8 Ik 0.02 ~0.08 10 1 650 0.35 0.05

L2 XHBIT MRS

VRO J2 | Bk 2 R0 8 KL B & 43 i O 38 GPa,
1.4 GPafll 80 MPa, Ifj JZ FI & )ZEFE N 0.4 m,
BT HCH 6, 73 BT A W18 A7 R T AR f, L
B2 DB 2 srml 1, AL AT T A9 450 5 H
111 = 5. 46 Ha, [ 0 5 = i 6 2 T 9% [
[a] 4 0.5 ~6 Hz,
1.3 EBEENAKESH

A B SR Y R

Ach, Moy, A ERREMAERE (=1,
2,-.n),

THERL RUAL 1Y S8 1] B )
o, =0, +P, (5)
Ko,y CHLAT ™ A 0 8 1] B ) o

T R B S g 1 g (B ) S
o =o0,,+kP, (6)
Ao, O RHLATEG= A1 « iy 5 0] K1 )
BP9 M8 s ko DN TR R %, 275 SCHR[28 ] 16 K
0.6,

T M- T AR S B R [ S5 4 R S
LYOUBE IS PN NG VA & IR E A PSR
W3 k4,

6

5F

fiHz

10 20 30 40 50 60 70
vi(ms")
B2 ORI AT U T i
Fig.2 Frequency under different taxiing speed
F3 EENAKFE(EEETNES.Om)
Table 3 Stress level of subgrade (5.0 m away from top

surface of subgrade)

E./GPa h./m E,/GPa h,/m E; /GPac,/kPa g/kPa o,/kPa

30 0.4 1.4 0.4 0.08 102 60 42
34 0.4 1.4 0.4 0.08 102 60 42
38 0.4 1.4 0.4 0.08 102 60 42
42 0.4 1.4 0.4 0.08 102 60 42
38 0.2 1.4 0.4 0.08 98 58 40
38 0.3 1.4 0.4 0.08 100 59 41
38 0.5 1.4 0.4 0.08 103 60 43
38 0.4 1.0 0.4 0.08 102 60 42
38 0.4 1.8 0.4 0.08 102 60 42
38 0.4 2.2 0.4 0.08 102 60 42
38 0.4 1.4 0.2 0.08 98 58 40
38 0.4 1.4 0.3 0.08 100 59 41
38 0.4 1.4 0.5 0.08 103 60 43
38 0.4 1.4 0.4 0.06 102 60 42
38 0.4 1.4 0.4 0.04 102 60 42
38 0.4 1.4 0.4 0.02 102 60 42

EE—MREER A —WRRE B, — R b — )R
JELJE 5 By —IB R oy — MR o
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Table 4 Stress level of subgrade ( top

surface of subgrade)

E /GPa h /m E,/GPa h,/m E,/GPac,/kPa g/kPa o,/kPa

30 0.4 1.4 0.4 0.08 104 34 70
34 0.4 1.4 0.4 0.08 99 32 67
38 0.4 1.4 0.4 0.08 96 31 65
42 0.4 1.4 0.4 0.08 93 30 63
38 0.2 1.4 0.4 0.08 158 56 102
38 0.3 1.4 0.4 0.08 134 39 95
38 0.5 1.4 0.4 0.08 75 28 47
38 0.4 1.0 0.4 0.08 93 30 63
38 0.4 1.8 0.4 0.08 98 33 65
38 0.4 2.2 0.4 0.08 100 35 65
38 0.4 1.4 0.2 0.08 134 32 102
38 0.4 1.4 0.3 0.08 116 31 85
38 0.4 1.4 0.5 0.08 82 30 52
38 0.4 1.4 0.4 0.06 87 31 56
38 0.4 1.4 0.4 0.04 78 35 43
38 0.4 1.4 0.4 0.02 69 35 34

M3 %4 8 eI E LA 5.0 m &by &
W i) 7 g R I T AR A 0N T L TE T 45 4L
JZ A5 i Xof 17 3 7K S B 5 T B A 5 {FL A R T T b
F14) Aok 3% 1] 1 g O Rz g 738 A 8 B ) R b A
KL H LR E S T 5.0 m Ab & 3 X b Bl
I T R TOUE PR S A 3 G R A5 R B A
N7 3328 W K, AL AT 28K AE 1 BREI0 R ) 328 1T U
JIN R AR ) 1 B H A R P R P Y R 2R A
e B AR S BB D75 X (5) (K (6) 1]
8 R AN S R 2 IR R A T R, N 3%
ey )R ST A I E RSN DA Rl = B S VA D)
52 e A2 BE G BB R 22K

SR, 2 3 3% 4 F W IE L B ) B ) 43
fia Ry 69 ~ 158 kPa, [l J& 43 4 i [F 2 28 ~
56 kPa, ffii b 43 i 6 i K 34 ~ 102 kPa, [H It 3
e = it 0 38 B [ 15 ~ 60 kPa, i i J) K
30 ~ 105 kPa,

2 FHEFRZHIAR

ARSI R F I = il 50 A 2 B0Oh < dic R il 1)
i #% 1 kN, 5% K Bl 300 kPa, J5i % i il 0 ~ 20 Hz,
TEULIE 3 A SRS A S iaf b v M b DX 8 o
it WS HOE LR SR8 F LA
Jrik R S RN T S A & B
S 61.8 mm i BE Ky 125 mm (1 B AR 4K 4 #F, 3 W
] O S R L B, WL 4

K3 =hnlsm R

Fig.3 Triaxial test system
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Table 5 Physical parameters of soil sample

W A BT/
¥ ¥ /% W /%
B R RIRIT s akA % (g em)

BUE 33.39  16.79 16. 60 14.89 1.75

Bl 4 =R A
Fig.4  Soil sample of three-section mould
AR SO AT ST R 1K 5 K AR T S5 B A
RN E RS AR . TR EOR A R

KEBEWSHIEE AT £2%, R GKEN
10.89% .12.89% .14. 89% .16. 89% . F1 18. 89% ,
PR Sy B 375 30 2k 1) T 52 88 1 KT 90 %, [m) I 2% i 552
B 5 4% 78 BRI, 38 B S5 R 90% L 93% |
94% 96% F1 98% ., &G B H A B 25 SR 1k WU A<
J70.5.1.2.3.4.5 F1 6 Hz; [l JE K 15,30 .45 F
60 kPa , fiif )i 77} 30,55 .75 1 105 kPa, 5 i [F]
I, 396 B0 T B B B g 30 kPa, fi 17 3 55 kPa,
TUFEAG 2R 1000 ¥, e A5 4007t T 49 1a) 89 7 g o s,
4 6 K O 0 5 S % A L f 5 R IR IE
SEBIEAE RN 100 ¥k, AR AU R B A7 2838 17
XF 3 FE B R, TE LA 6, Horp N Sy oK oF KR
A S B #3E F F h i = b ik 56, SR AGE T
Bl =ik .
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Table 6 Loading sequence 90 - ..\' i ig%ﬁg:
& —a— |4.89%,
WEFAIS  EEKPa REA/APa R so} \\\ \ Do
0 30 55 1 000 & i
2l WVRNAL A
1 60 30 100 = L v\\ A
2 60 55 100 i: 60 1 \. ,E\/ .\: Q\
3 60 75 100 R | :‘\\‘§.
4 60 105 100 Q:
40+ .
5 45 30 100
6 = 3 100 T2 4 6 8 10 12 14 16 18
7 45 75 100 iE=ARS1IRE;
8 45 105 100 (a) T KSR Al B RE () 5 (HE 20 96% 440y | He)
9 30 30 100 95
Mg
10 30 55 100 _ o O
1 30 75 100 85T s 11},
L - 06%,
12 30 105 100 5| N R a4
13 15 30 100 é L . '\ \ §\
14 15 55 100 B 65F A\ ™
15 15 75 100 ﬁ r \\\ \.\:\ \Q\ \
w55t \ N
16 15 105 100 | \ / v\
ast \ \:
3 RWERSH N
0 2 4 6 8 10 12 14 16 18
Z = JEsAR 2Tk
31 BRESH b) SR ) sl it K320914.89% 44 K1 H
g v s (b) FEIZHERT ShBHE A0 (57K 32 014.89% 45148 4| Hz)
B o
120
o
Ed = (7)
€a 100 -
Ko, =0, =000, F o, 730 8 B i 1
jj ngik{ﬁ*ﬂ%lj\ﬁ 5 Sd = gmax - 8min ’ gmax }Fu ‘gmin :‘E« 80
53 50 Sk A N A P 1 7 A T g AR SR K A B ﬂg
= 60F
AN
s =X (7 ) X 2l = b 3 56 I A5 4 B T N7 AR KR a0t
P b T AL 3, e BRURE AN N2k 8 e e 5 WA 2R
20 Lo

A3 SRR P 2 (D T I8 OB R B R Y 3 R
LS,

HI TS Ca) 1, 25 1 7 7K BB R fi 1)
52 JBE AR — 2 I, Sl 46 4 B 5 7K 5 6 o i
BHTREAR, S OCHRL L, 7 TR S Ie A — B & KR
AR T die 35 7K AR, Sl ) 38 K 2 28 3 Uk
PR B 5 5 7 SR A 0, R OR8] 4 266 45 1
VLS55 , TR A P SR A A SR R R AR,
T H 55 T ShAsE e 5 DA g LT rh 25K G 5 19 5 K R
P e A5 K A B T PR IE A Y R B

HITEL S (b) 1, 250 J1 7K | 85 7K AR R —
RE I, IS B A e S 58 A 38 % 9 4 5 TR O
W 1T 52 BE S0, R PR B FL B Dk D, B AR 45 A
it J3E 0 M BE 38 0, kT T R AR SRR
7 I8 B T S B R B 2 Y 25K, I A 6 A IE
LS RE A L B O P O R T S

1 L 1 I I I
0 2 4 6 8 10 12 14 16 18

ES A2 IR=2
(c) ARZER] SIBERE Y R0 (5705 R 14.89%, M H96%)
5 BhiBiEhL

Fig.5 Dynamic modulus curves
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ORI AR B SV RE o IR, EAT S B R
T FF AN FE 728 W AR 114 B W

HITEL S BT A, 24 5 K TR SR AR —
I, S il o B s f) 3 Jon it 36500, 6 2 07 3 i 1oz
T3S REA o R g B B £ e 1 A
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Fig. 6 Static modulus curves
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ST Bl ] SR B S K R TR SR LA R B
JIK - B AR A R — B, T LA A ST Sl e ] e A
SR AT AL AN
E, = f(E ,o,0,K) (8)
B iRy | Hz B S B i o
NEIKF K RS

i I LB R R A R R R R R R
B 55 X 1 AR ) 400 RRCR AR SO S e R
PEBR BN | Ha A5 3RTT Sl A6E 5t 4 A5 7 5
[m] A B A 5 0 A A 7Y Sy

Witk L MPa

E|, = aE  +b (9)
A ca MO B0 1l R A, Ho
a = (0.0007w +0.0013K - 0.1331) 0 +
(-0.01280 - 0.0393K +5.9239)  (10)
b= (-0.0248w —0.0418K +4.3035)0 +
(0.6859w + 1. 1826K — 112.5671)  (11)
T T RAL T AT L RE X K Bl A R A G
TR R, 7R (9) ~ (1D A 2ERE E, 5
AT AR g5 1 Hz SR T gl G
FefE &, W 7 CHEh B i 1~ 16 X0 T35 6
R IE TS
254 3009) ~ (1) FIE 7 15 AR 53R T 3l
FFRL A SC /BT R B AN T
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B (9) ~ (1) AA(12) BT 15 2] 3k
T R KR TR S R Y g A
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Fig.7 k'-f regression curve
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Table 7 Comparison between calculated and measured

values of dynamic modulus

R

R/ K3/ R/ R/ i/ Fxt
ktE; % % H,  Mpa TE{EH/ SEME/ Moy
MPa MPa %

60 15.77 90
45 15.77 93
30 15.77 96
15 13.77 96
60 17.77 96
45 15.77 96
30 15.77 96
15 15.77 96
45 15.77 96
30 15.77 96
15 15.77 96

31.03 72.09 72.06 0.04
47.53 105.11 105.05 0.06
52.17 114.75 114.34 0.36
56.39 122.13 122.77 0.52
46.44 105.01 102.87 2.08
5 54.99 105.32 112.98 6.78
52.17 133.89 128.28 4.37
50.17 138.09 130.31 5.97
54.99 159.52 154.68 3.13
52.17 156.49 151.56 3.26
50.17 154.50 148.34 4.15

AR WO =, = = = -
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Correlation analysis model of dynamic and static modulus for
subgrade with taxiing aircraft
LIU Xiaolan', ZHANG Xianmin'** | DONG Qian’"’

(1. College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
2. Airport College, Civil Aviation University of China, Tianjin 300300, China;
3. Schod of Civil Engineering, Tianjin University, Tianjin 300072, China)

Abstract; In order to establish dynamic and static modulus correlation analysis model of subgrade with taxi-
ing aircraft, this paper considers the subgrade stress level of taxiing aircraft, compaction degree and moisture
content of typical subgrade, and common frequency of taxiing aircraft. Dynamic and static triaxial tests are con-
ducted to analyze the influence of stress level, compaction degree, moisture content and frequency on the dy-
namic and static modulus of subgrade. The results show that dynamic and static modulus are positively correlated
with the compaction degree and confining pressure, and negatively correlated to the moisture content. Especial-
ly, the variation amplitude of dynamic modulus is significant when the frequency is less than 3 Hz. Meanwhile,
based on dynamic and static modulus measurement databases, dynamic and static modulus conversion system is
established and verified with multifactor comprehensive function and taxiing aircraft. The research provides the
reference for pavement design, construction, detection and maintenance.

Keywords : dynamic modulus; static modulus; moisture content; compaction degree; frequency
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b2 S RS RUEAT 1 43 M FBSAIE . Paterna 25°°
o I A AR AR FEA AT R 1E CO, SRR
BEF BT, SR T A BE % 375 31 (9 40 B 5
HAETE .

Y T MR R 6 7 KR TR AT I P )
P B S XU 4505 QAT 4 1 =2 D G A S
TR R BF AR H 0 F 3605, A SCRIH T
“Pathfinder” XU 2 36 $C R R AT IR B %K
U B EUE  E EE T KB A R R R
1 1RV SRR S BN T s

1 #EEAMTEGE

1.1 pEEs

AU R I JZ © Pathfinder” K 5 A &AT
B TRATECE AR R 56 K R KU
P U T MP-17 K R g XU 3 36 5 ) /AT 4
f5 5 U5 T Pathfinder” B9 RAT R o P AT IL
fal BB, 45 ROEG 051 A 125215, 4] 10 A 24 e
LB 2 41 in= 0.0254m, 3 1" H CASE
1 F1 CASE 2 J2 W i B s 8 e 1 25 SORUI 38 5%
F B R 1) RATARAS . CASE 3 J& i 56 4 it 4331
h 225, CO, 1 1 i IR 6 5 4 B L% g /) AT
Bl o EARSGTE I KRR B 2
A A% 97% 1 CO, F1 3% () O, ZH ;25 i)
TR B AR B A B T9% 1 N, F 21% (1 O, 4
s SR KU ) 32 43 AR R A3 R 100% 1)
CO, M.

CASE 1 o, KU 55 55 (3K B H,y, — Hyy =
(0.756 +0.0378) MJ/kg, CASE 2 H, KR 145
{f} H, , — Hyy = (0.764 £0.00764) MJ/kg, CASE 3
i, A5k CO, 1 KRR B8 K5 (N H, , — Hy =
(12.25 £0.26) MJ/kg, 4 Jiz 2y 25 S 1 RG] 3K 6
WM N Hy, — Hyy = (14,18 + 0. 28) MJ/kg,
CASE1 [CASE2 I CASE3 | JX{ {l #5% 7 (1) 3 R B

p. L5 CATHM IR E —5, WRE p, LI
P R FE L 2Ry AT 24 5 RGIE A5 T8 Sk 3 0 A
MER. RP u, FRWHEE, T, kAR E,
P KW TT , Ma, K S HEEL, Re., 2 2K Ui
Wik, “97% CO, +3% N,” QLR KRG A BTy F %
9 A AR A4 B 97 % 1Y CO, 1 3% 1) N, , B
B RAT AR I KR R, “21% 0, +79% N,
AR WA T 11 32 2 43 A AR R 4 B 21%
1 0, F1 79% (1) N, , B 23 SR 32 50 o 19 25 <
“100% CO,” £ 3k i /i T (1) 3= 22 41 B AR 43 42 1A
B8 100% (1) CO,, B CO, XU ik 55 H# CO,,
CASE 1 il CASE 2 v i XUl 128 56 2% 14 S I XU
IS5, CASE 3 v i1ty WU 56 2% 14 by e K XU
JEL e

R1.3246m

R0.297 m

R0.663 § 1y

Bl 1 “Pathfinder” $}-24 fii sy L1

Calculation model of “Pathfinder” ™"’

Fig. 1

RO.050 0 in

4.6 in(minimum)

A

R (-]TU{;‘JE? in~

Ig] 2 uMP_l "i'i‘%:%';ﬂ“”
Fig.2 Calculation model of “MP-1"""!

1 tHEEHE"

Table 1 Calculation conditions

[12]

CASE 1 CASE 2 CASE 3
75% Sy > P — N P — 5
AT T 2% 1 CATAAMF Kl Z& A AT A ERGER S
u,/(m-s"") 7009 1416 7263 1422 7185 5162 4772
p./(kg-m™>)  1.66x10"* 8.680 x 10 3 8.64 x10° 4.51x107° 1.095 x10~* 5.712x107% 5.789 x10~*
T, /K 160.3 52.45 156.5 53.31 158.8 1113 1088
p./Pa 5.10 130.6 2.60 69 3.338 1824 1191
Ma.,, 34 9.80 35.5 9.68 36.20 7.93 9.71
Rex -1 6 6 6 6 6 6 6
L/m 0.12 x10 3.187 x 10 0.095 x 10 1.621 x 10 0.126 x 10 0.66 x 10 0.66 x 10
p.L/(kg-m™) 4.41x10"* 4.41 x10 4 2.29x10°4 2.29x10°* 2.94x10°* 2.90x10°*  2.94x10"*
L4y (PRFRAP80) 97% CO, +3% N, 21% 0, +79% N, 97% CO, +3% N, 21% 0, +79% N, 97% CO, +3% N, 21% 0, +79% N, 100% CO,
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SR ik ) 4 1 O 7 Ry >R AR 2% SO 4x Navier-
Stokes J7 T 3K fif — 4t 4l X R AN, IF 3 T LN R
B U Bl A AT A AR YA 5 22 0 S A A g B 5
W 5 YAt 21 5T kSR JH RUZH T AR Y 5 3R B AR SR ]
Park BB 5 BE T8 SR 6 42 Ak BE | BE 1 B
JiE RIS - MR B S O 5 R XU 2% 8 T B T I B2
BB R 300 K, i KU 45 P40 R0 AT 2500 T 1 BE IR
& h 2000 K,

XA S A AE SR AL R Park 5 2H 4
e AR g 2 BiR . 3T CO, HfkaE
SRR R 8 44y 9 Ak A A
£ 3 Fim.

R FHAT R A FR v o) 425 i J7 78 90 47 B0(RLSK
23 (A% HOR T B TVD A% 30, ZhPEIUR B
L2273, 1] RS R R UK i

TS PR R T ACEROE &R 07 ik A L, O T R
RO TE 2, B TET OO A R T T R M R ORI . i T
Pt e ARGV 32 S i B, R R R B R AT AR
A B PRI A AR R s o AR SR 15 ],
T e B 75, RS B U T 8 AT LSRR IS
R EE SR BT AEAS SIS, BT AT R
ER NT 8, “MP-17 5 “ Pathfinder” ¥ 4% 41
K3 & 4 s

®2 sANhFEREER"

Table 2 Mechanism with five species chemical reactions'"!

i (= Jran,
1 N, +M<N+N+M M=N,,0,,NO, N,0
2 0, +M<0+0+M M=N,,0,,NO, N,0
3 NO+M<N+O+M M=N,,0,,NO, N,0
4 NO + 0N +0,
5 N, + 0>NO +N

®3 SANIhFRuER

Table 3 Mechanism with eight species and

nine chemical reactions!'*!

ETRe f B L
CO0, +M<CO+0+M M, =N,,0,,N0,CO,,CO;
! M, =N,0,C
CO+M<C+0+M M, =N,,0,,NO,CO,,CO;
2 M, =N,0,C
N, +MeN+N+M M, =N,,0,,NO,CO,,CO;
3 M, =N,0,C
0, +M-0+0+M M, =N,,0,,NO,CO,,CO;
4 M, =N,0,C
NO+M<N+0O+M M, =N,0,C,NO,CO,;
> M, =N,,0,,CO
6 NO + 0<N +0,
7 N, + 0<>NO +N
8 CO +0-C+0,
9 CO, +0-CO+0

B3 “MP-17 i R 4%
Fig.3 Mesh of “MP-1”

& 4  “Pathfinder” Y ¥ #&
Fig.4 Mesh of “Pathfinder”

2 HEHER

2.1 XfPR3EIE

i# i 5 NASA Langley %% 0> “ Pathfinder”
AR TS5 A 06 H, o 0 TE AR SR
P A AV RO B RE B T AT &R
MRAT AR I A R 1 b CASE 3 /Y CO,
S AEIF AT TR AS 5 R R 56 45 R
FIAS L, e B AR S BT SR F B #8245 10 - 53
T e A i T XU S50 T B R R 5

KSR AR SCO7 3631345 31 59 KR 254 F
F AR 0 TH A 5 TR 0 B A b 2

s ¥
A Gy cry=8.19210° W/m?
L 4 G rpusmen =8-18%10° W/m?
{
6l L —— 4772 m-s-wall=2 000-FCW-CO,
o ¥ %  Experiment ' :
T .
S 4} 0;‘\
z ’
» ]
" I \
] & | 1 |

-0.4 -0.3 -0.2
x/S

K5 Pt (XU & 4F)

Fig.5 Comparison of aerodynamics (wind tunnel condition)
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1“4 772 m-s-wall =2 000-FCW-CO,” 2/~ 3K i
BN 4772 m/s KA R CO, X R 1 HEY)
CASE 3 "N {9 XUl 2% 1 H 9 CO, XU 2% 11 5 BE i
T, =2000 K BE [ 25 {F 2 58 e AL BE (FCW) o «/
S F/NBETECR B o Gl B AR AR o Al D AT A% 2R
IR A5% 70 1) TLAR] T 5% Jalr, A8 R D O BE AL, T
[i] 5 Q. oA BE T FA P 5 © Experiment” 2R SCHR [ 12 ]
A XU 2% 1F T B a8 s (T SCIET AP Y it Zbm
PREL) o WIS H IR0 AE AT R T K
Fraeii it 5o, BE T 2R 0F R 58 AL BE . A
5 ATLLE R 2815 T 9 PO B3 90 e
RIS o, paperimen 25 0. 1% , 308G 51 F I KA IR
250 8% Uk N SR B 3 ) 24 BB A58 5
TR A5 PF T B9 T30S 2 AT LA A2 0 A 285K

4 R A SCHY TR 7 A B AT IR A
BE AR SCHR (8 ] it A R B X . AR 4
AT RUE AR SO 3 D5 R AR AR A I T 5
458 5 NASA Langley H.0iF 8 45 R e KR 220
6% ,FWIASCI T3 T IE X QAT 2R AF T 197508
JEE A TSR

R4 MIEEHMTEER(CITEH)
Table 4 Comparison conditions and computation

results ( flight condition)

B 5B

[57:%

HE/ (m -

km s 1) SCHk[8 1455/ TR R22/
(10°W - m~?) (10°W - m~2) %

85.000 7 504 0.099 0. 105 6.00

64.599 7472 0.392 0.383 1.26

56.026 7364 0.565 0.550 2.72

43.097 6774 1.140 1.132 0.87

41.204 6596 1.180 1.163 0.84

2.2 REEHKKEHELME

H AR XU Hh 3 A 3 A, i DA AE < MP-
17 R R 2 R4 BE (BEJR T, =300 K) 4 1k B
S e B A W R R IIR R, Tl
BV BEFIFAEE (T, =2 000 K) 4 1 X A7 3¢ 1 (1 5%
], 76 MP-17" 3155 e 43 551 R FH ¥ BE AR RE 2 Fifr it
LA LA XT Lo BT kR TR RAT AR CATIRES
I VA BE RITRRE Xof A 56 B

B 6 &5 T KA & K ATPIRE TR R 1 &R
Boc, nti Ko €, = (p, —p.)/(0.5p,u ) ,p,
Sk BETE AL R T, B’ 1416 m-s-wall =300-NCW -
air” KRR H N 1416 m/s SR A TN 2R
(79% N, +21% 0,) , %W # 1 # CASE 1 T X
T 2 s BEIR T, =300 K BE 1) 5% 144 0 58 4= A i1k
BE(NCW) ,“7 009 m-s-wall =2000-FCW-CO,”

0.5+

| | |
-04 -03 -02 -0.1
x/S
—t— 1 416 m-s-wall=300-NCW-air
- = 7 009 m-s-wall=300-FCW-CO,
—=— 7 009 m-s-wall=2 000-FCW-CO,

(a) CASE 1

W 1.0

1 I 1 1 I 1 1
-045 -040 -035 030 -025 -0.20 -0.15 -0.10
x/S
—e— 1 422 m-s-wall=300-NCW-air
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—=— 7 263 m-s-wall=2 000-FCW-CO,
(b) CASE 2

L et

I | 1 I I
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—a— 4 772 m-s-wall=2 000-FCW-CO,
—e— 5162 m-s-wall=300-FCW-air
—t— 5 162 m-s-wall=2 000-FCW-air
== == 7|85 m-s-wall=300-FCW-CO,
—B— 7 185 m-s-wall=2 000-FCW-CO,

(c) CASE 3

B 6 Ul A% AR AT AR R ) R B
Fig. 6 Pressure coefficient of wind tunnel and

flight conditions
FRRALHSE g 7009 m/s, AR KBRS
(97% CO, +3% N,) , % 1 # CASE 1 %
Fr 264 CF SCIE B il R AR IR 2R BL) s BEYR T, =
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1 1 | |
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EYAY
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08
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04r
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I I | 1 1 | |
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EVAY
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1.0
08
0.6
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1 ! | 1 | !
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xS
—&— 4 772 m-s-wall=2 000-FCW-CO,
—— 5 162 m-s-wall=2 000-FCW-air
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(¢c) CASE 3
B7 Ul AR AT AR TR R R )
Fig.7 Dimensionless pressure of wind tunnel and
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Discussion on correlation between wind tunnel test and
flight of Mars reentry vehicle

LIU Fangbin"®, YUAN Junya' "

(1. School of Astronautics, Beihang University, Beijing 100083, China;
2. Shenzhen Esin Technology Stock Inc. ,Ltd. , Shenzhen 518000, China)

Abstract: Due to the limitations of wind tunnel test conditions, the real flight environment of Mars reen-
try aircraft is difficult to fully be simulated, so it is necessary to establish the relationship of Mars reentry vehi-
cle between windtunnel conditions and real flight. In this investigation, based on the published data of the lit-
eratures, the numerical method is used to study the extrapolation methods between the wind tunnel test and the
real flight of Mars re-entry vehicle with the shape of the Pathfinder. The results show that under the conditions
of high enthalpy air wind tunnel and conventional air wind tunnel test, the dimensionless pressure and pressure
coefficient of near the stagnation point of the windtunel model can be used as a correlation parameters between
the wind tunnel that and the flying conditions. However, the heat flow, the dimensionless heat flow and Stan-
ton number of wind tunnel test cannot be directly used as correlation parameters under the conditions of high
enthalpy air wind tunnel test and conventional air wind tunnel test. Under the high enthalpy CO, wind tunnel
test conditions, the pressure coefficient, dimensionless pressure and Stanton number near the windtunnel mod-
el’ s stagnation point can be used as extrapolation parameters, but not the heat flow and dimensionless heat
flow of the wind tunnel test are directly used as correlation parameters to obtain the performance parameters of
the aircraft under flight conditions.
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Fig.1 Technology of selective symbolic execution
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Fig.2 Operational process of selective

symbolic execution system
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*testServer.lua x

168

109 packet_entrys = {

118 sockl = {

111 protocol = "tecp”,
112 port = 4444,
113

114 size =B,

115

116 -= type = "TCP",
117 fields = {

118 fieldl = {
119 type

2, -- var_len_array
120 seq =1,

8

1

121 elem_count = 8,
122 elem_len =
123 1.

124 Yi

125 1.

126

127 }

B3 ST A

Fig.3 Symbolic variable introduction policies
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Fig.4 Blocking communication model
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Fig.5 Part of execution module code of

blocking communication model
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PR AT AT HER AN T
int select
(
int nfds,
fd_set * readfds,
fd_set = writefds,
fd_set * exceptfds,
const struct timeval * timeout
)3
K 6 Fran, A W4 351 & AT socket PR
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Fig.6 select model execution process
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#define BUFFER_SIZE 1024
typedef struct _PER_HANDLE_DATA
%
SOCKET s;
sockaddr_in addr;
I PER_HANDLE_DATA, % PPER_HANDLE_
DATA;
typedef struct _PER_IO_DATA
%
OVERLAPPED ol;
char buf[ BUFFER_SIZE ] ;
int nOperationType;
| PER_IO_DATA, = PPER_IO_DATA;
BEXT 1228 W 2% A R AT A, il T MR 55
T HE T B 2 E A AR A O B R, [ I A S
BRI O, %) GetQueuedCompletionStatus () 25 %X 11
AT RHEAT HE 8, O 58 4 IR 00 eR IR AT IR S
FA RS 170 R GE2x1n) 58 i H X G 5 1% 56 B
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BOOL GetQueuedCompletionStatus
(
HANDLE CompletionPort,
LPDWORD IlpNumberOfBytes,
PULONG_PTR lpCompletionKey,
LPOVERLAPPED = IpOverlapped,
DWORD dwMilliseconds

)5
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Fig.7 System prototype architecture
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Table 1 Experimental environment configuration

R BIERS FHLAE NAF
® -

Server  Windowsxp-sp3  ntel” Core i7-5820K 4GB
3.3 GHz CPU
® .

Client  WindowsXP-SP3 Intel ™ Core i7-5820K 4GB
3.3 GHz CPU

K2 ZRER

Table 2 Experimental result
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Fig.8 Function hook realization
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Network program vulnerability detection technology
based on program modeling
DENG Zhaokun, LU Yuliang® , HUANG Zhao, HUANG Hui, ZHU Kailong

(Electronic Engineering Institute, National University of Defense Technology, Hefei 230037, China)

Abstract . By studying and analyzing the vulnerability detection method of network program, a vulnerabil-
ity detection method based on program modeling was proposed, and this method is aimed at the binary network
program vulnerability in the C/S structure. The method analyzes the network program architecture, extracts
the key system functions in different types of network programs, and develops the program modeling and detec-
tion system execution module. The technique of selective symbolic execution is adopted for detection, the se-
mantics of hook function and the operation of trigger are customized by means of function hooks, and the exe-
cution process of symbolic data and guiding symbol is introduced. Based on this technology, a network pro-
gram vulnerability detection system is realized. This system can identify the target web application using the
170 model. According to the different types of target program, it can call the different detection modules and
use selective symbolic execution technology to implement the automated vulnerability detection process. The
experimental results show that, compared with the existing detection tools, the system is more targeted in the
vulnerability detection of network programs with higher vulnerability detection rate and good scalability.

Keywords: network program; vulnerability detection; C/S structure; architecture model; symbolic exe-
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Fig.2  SIFT hardware system architecture
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Table 2 Stability detection of feature descriptors for

rotation change
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Table 3 Stability comparison of feature descriptors
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Table 4 Comparison of hardware resource consumption
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Table 5 Comparison of hardware resource consumption

before and after gradient direction optimization
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Abstract: Scale invariant feature transform ( SIFT) algorithm is widely used in the field of computer
vision because of its excellent robustness. In order to solve the problem of low real-time performance of compu-
tation-intensive SIFT algorithm on CPU, a fast SIFT hardware architecture is proposed based on field program-
mable gate array (FPGA) , with reduced complexity by optimizing the feature descriptor extraction part of the
algorithm. By reducing the bit width of gradient information (including gradient amplitude and gradient direc-
tion) , optimizing the generation of the Gauss weight coefficients, simplifying the calculation of the three linear
interpolation coefficients and simplifying the computation process of the histogram index of the gradient ampli-
tude, the proposed design avoids complex computations such as exponent, trigonometric function and multipli-
cation, and reduces the complexity of hardware architecture and hardware resource consumption. The experi-
mental results show that the proposed low-complexity fast SIFT hardware architecture can speed up by about
200 times compared to the software implementation. Compared with the related research, the speed is im-
proved by 3 times and the stability of the feature descriptor is increased by more than 18% .
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Automatic recognition and extraction algorithm for basic features of
aircraft sheet metal parts
TANG Zhihong, ZHENG Guolei* , ZHENG Yiwei

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

Abstract: Aircraft sheet metal part is an important part of the aircraft structure, which has the character-
istics of large quantity and shape variety. The time consumed in the production process of aircraft sheet metal
parts occupies a large proportion in the process of aircraft development. Current production process through the
functions provided by the existing CAD software cannot meet the requirements of modern aircraft design and
manufacture in terms of efficiency and quality. Research and development of relevant automatic design and
manufacturing system for aircraft sheet metal parts have become an urgent demand. Recognition and extraction
of basic features of parts based on B-rep model are the basis and premise for subsequent related process plan-
ning and manufacturing. Aimed at this, this paper proposes the basic feature model of parts and presents a
feature recognition algorithm based on same-side face. That is, with the STEP data as input, the web faces on
both sides of parts are selected. Using the methods of attribute adjacency graph ( AAG) construction, effec-
tive-adjacent faces recognition and complete recognition of the correlative faces, the correlative faces at all lev-
els are recognized step by step to construct the same-side faces on both sides. Finally, the basic features and
their adjacency graph are constructed by matching of the same-side unit. In order to ensure the integrity of fea-
ture faces, the definition and recognition method of fragmentary face defects in 3D part model are presented.
Examples are given to illustrate the feasibility and effectiveness of the approach.

Keywords: digital manufacturing; aircraft sheet metal part; feature recognition; solid model;

feature representation
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Abstract: For efficient countermeasure against fault injection attacks, a mixed-grain parity-code-based
fault detection approach was proposed. Traditional parity-code-based fault detection approach assigns a parity
bit per n bits, representing the parity of the n-bit word. As n decreases, the number of parity bits increases,
leading to increased resource usage and fault detection rate. To achieve tradeoff between fault coverage and re-
source usage, the fine-grain parity code (small n) was applied to the data processed in the fault-sensitive parts
or critical parts of circuits, and the coarse-grain parity code was applied to other parts of circuits. The ap-
proach was applied to RC5 encryption algorithm to explain the principle and application of the mixed-grain
parity-code-based fault detection technology, and to theoretically analyze the fault coverage and resource usage
of different grain solutions. The experimental results show that, compared to the RC5 circuit with one parity bit
per 32 bit, the mixed-grain parity-code-based detection approach improves the fault coverage by 29.44% and
increases resource usage slightly by 2.48% .
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The earth’ s albedo correction of photodiodes and
satellite attitude estimation
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Abstract: As a small and low-cost sun sensor, the photodiode, combined with the earth sensor, can de-
terminate full three-axis satellite attitude. However, the photodiode is sensitive to the surrounding light
sources, such as the earth, which limits its application. The mathematical model of the earth’ s albedo is com-
plicated. To solve this problem, a simplified measurement model of the photodiode, describing the effects of
the earth’ s albedo as the dynamic bias and deviation as the mixed-Gaussian noise, is established first. Then
parameters in the model are online estimated and updated with windowing and random weighting strategies. To
improve the accuracy of the parameter estimation and robustness of the algorithm, the multi-scale factors are
used to estimate the influence of albedo on each photodiode, and the Huber function is introduced to prevent
the outliers. The experimental results show that the high-precision satellite attitude estimation can be achieved
by the new measurement model and the unscented Kalman filter (UKF) algorithm, and the three-axis attitude
accuracy can arrive at 0.2° —0.3°.

Keywords: photodiodes; earth’s albedo; mixed-Gaussian noise; multi-scale factors; Huber function

Received: 2018-08-10; Accepted: 2018-11-08 ; Published online: 2018-11-21 13 .37
URL : kns. cnki. net/kems/detail/11.2625. V.20181120. 1047.003. html
Foundation item; National Natural Science Foundation of China (61475012)

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



AL HLF W

20194 4 A t=EM=EMEK 22 = April 2019
Y iFk ?ﬂn .ﬂIL jC—T—.—T— R . ) pri
a5k A Journal of Beijing University of Aeronautics and Astronautics Vol.45 No. 4

http: // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2018. 0472

ZERSAEZNEBREESAIEES B FiE
=l AEE, EE, B, HEE, B R

(AEmi s iR K2 AAEtE S R TR Be, Jbat 100083)

i B AL IRBY  ARFEHRAHER AR FHRARAFEARGTANR
RABRAR, EMU LRGN TREU IR T E S XA E L 2WMET 3, FEANIWEREER
EZRRK, AXRHT —HLZRES I EZELXSAZVUNTBARESTEREL2BRT &,
BHEURRKER N FL2RAEL, EATCSEG VMR ERHTEE, REAAEZ K
HEBNTFL I WMEHATIR, REEAILEFAKATVE, REL2RER, TR NE

jbuaa@ buaa. edu. cn

SRIRFITBRAANESTERLrRREE -—MEEZTHT %

x #
mES S TB114.3
SERFRIRAG: A

TEVCTH B B, R T W6 2R 5 T A R TR 48 A
PR s A B AT S T B
TEAY AT B B A SE MRS AR . X TR ATE S Y R 5
TUZ 6 kR, i % A 1 3 2 BT i ] (MTTF) |
SRR AT EE A X T A B R G TUR 14l
W gL SRR - 2k ik ] B 0[] ( MTBE)
B P i B A8 A2 ] (MTTR) o T 54— B4
AR AT SE R FAT 45 AT 8 4k, HL v A ) 4 AR
Sy H IR TR | R B T 2 ) 2 R AT 55
] SRR U] T R I L S A ki
R RN R N L WU 2 0o 1y 7 S )
FEEE 0 7 BCVE 75 I A 2% 0 Bk AL
B E RV o Bk A5 (H X S 4% 48 5 1 0F B ik
3 T B 2 B B A T 8 R ST 55 T S
3L o

UL AR WIS 2 1 X 2 G5 19 AT 5 43 I 1) 2
T —ERHFSE ., Amari Fil Hegde " ¥4 - 44 43 it
e R R A % B A Ay IC VR R T el i
ST B R G0y a] S A BC, ABAGE T AR

W EHTEEIT; RASE,; TooR; &HEE; £6

XE4HS: 1001-5965(2019)04-0834-07

R, WIS G RN R T EE
BEAR ) FAS TR (4 2 i F AT T BE R R, JF 4R T
SRR A AR TR A, EAEH T8
B R BB B A B R, Elegbede 1 Adjallah'™
PR T AT L R W R S,
kS N LT AR N R AL R SR Y e
o) S8, A I T R 2% B ME R A T SE PR B o A
SR R B AT R G S I T e
MG SE S bl T E 4 I A 3
N WS 5 2% R GE AT 55 T Sk o I

B R G TAFEAEE R e, £8 TR
WS R A 2 By G T R — 2 T B R R T S
JEIF R A i s 5 R R is B T AT B &
FRGEIY AT SRS O R HEAT A T K R WA #
BB AE 52, BB SE FIR K N
A FH B BSR4 43 B 45 45 FR 0, AR R KA 45 2 1Y
MTTR % MTBF, {Hi% )5 i H g id 1 T #8K R
G RAZEINCTERMEZBW RS, M T
ANTTAE ZR G0 ik R A E AR E, 8RR — B

Wi HHI . 2018-08-10; SR HHY: 2018-11-08; 4% H hiw A [d] : 2018-12-07 09 :26
P 4% H R 3k . kns. cnki. net/kems/detail /11.2625. V. 20181205. 1456.001. html

= BI5{E&. E-mail; zhaoguangyan@ buaa. edu. cn

SIAHEN: MNHE, IhFH#, 78, % FREZAZNABRAAFTHER-SR T F[]]. AFMEMKAFFWK, 2019, 45 (4) : 834-
840. LIU Z X, SUN Y F, XUAN ], et al. Mission reliability allocation method considering multiple factors for repairable systems
[J ]. Journal of Beijing University of Aeronautics and Astronautics , 2019 , 45 (4 ) : 834- 840 (in Chinese ).


qwqw
新建图章

http://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK201904023&dbname=CJFDPREP&uid=WEEvREcwSlJHSldRa1Fhb09jT0pjeGxDOXJqYkFZVVkyTThzWm5rNEFoVT0%3D%249A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

5 4 3] XU, 45 5 R 2 N3 I T8 R GEAL 55 AT 5 0 20 e Uy ik

A 4R
s

B 2R G R T 0 T AT A8 AR G H ) e R
Oy PR A R D2 A ARV AR A8 B ] P
1B 58 )R R Al A E O B . TR, X T IR — A &R
e, BA GBI R G R B AR 2R T &
A AEE A0 19 2R G0 BB R FL AR AL, P 9 X0 7
TREAA YR o PIAS SCLL R Sk
AL E R T/ H AR 7 — 5 84 |
st s FANES ALNURIECFNS Wil 2 iy
P J5 35 7 5 B SR R R AR AL O & B 4
16 52 R PR 5B 2R B A8 5 9 I K 1 48 9 B 23 23 I
L BEAT OO A FLRE A8 X B A R R ORI 3R
PR A5 B Ok i e 78 R AT 55 AT SR MR R R AT 0 B
HFAR Y A5 BT R R o B A5 R IR A& Hos i iB 2
A5 dn el i A T 2> BOEREAT IR OE , W RIS
B4 FATT I B B AR . T I TR D AR A T
Rl o

1 AIMERFEESAEESRIRRE

XFF e R Ge 5 AL 55 rTSETE H AR (E I 7
L T YRR R, N IR Z RO B RGN
B J7 i 0k Tl R G b Bl . A& A% IE4E
PR 5 B BT U A SRR 220 K

ASSCHR T8 R GEAE 55 T SR R O3 B T A 2%
BHETHBHER L5 a2 BN R
Lo & A R MR, P 70 e 22250 0 3 48 % AL
SE AT 55 5 T80 T00 )2 435 bR R AT B AL, 25 I8 i e 12
Vo0 o0 e, DA B AT 6 16 2 69 B G AT B I, 4y
FCy AR Qe 1 R o

BARZ IR

1) TWUZ G bRl & 5, Wil il 18 R L T2

( T ) (- ﬁm j

T AT | [ R AR AT
W52 E BB S BRI T
I (e I
R f
PRSI | MR ot T
“WTEW RS

i
R

AT AT 55 0 TR

IV [ 4

i Al R R 0k 2R GT

JEIK

et BB T %
S e

WAL, TR,
G T4}

s F e A A%

S FRE YRR

1 AlE R G 55 W] 56 B 43 L iR R

Fig. 1  Process of mission reliability allocation

for repairable system

T 0 TE 19 2R GE B A0 R e 48 B2 31 F AR5 2R
Jai 4 BRI 3 e 3 A A Dy 25 B 48 A2 52 ) 1) e o
RH bR E, (8RB O E T A I 2 R G o i
Tk

2) Mk b2 A AT e . S, R
BCRRZ R AR g8l B TR BEAT R R A), O I i
BRI BRBIZHATIT 00 RIa, B A9 F
SroyBCIES RS A BTN B2 AT I,
AN [ JZ G0 G 9 255 A5 20 R A0 G X O 1 i
WHIETIER . fJa, R AR 2 B0 Y R R
HREARILNBE R,

3) X HEA &R R ITHATEIE. RS &
T A2 SR 73 I A A 248 2 2 RO B et A i
RGIE, e &A5 2 P A H 0 A SO AR L fE

2 TEERELITE

RGO AT 45 T SR O R R i
PR A B I 1] PN, 7 R0 1 A 55 ) T R 8 AR — B L
BF 210, 8 1 ] HL o8 A e T RE i %2 . — %
JEAT: 55 AT 1 R0 4 8 1 X 58 AT 55 RS, Gk
XN
Ry, = Ry = (1 =R, M, (1)
KA Ry 2 BRAEAE 2 00 T WAL 55 7 58 5L R,
R RS T MAE 55 T S B, AN SR AE R AR 4R 1B
MITEOLT Ry = Ry s M, R HEAE BE BB 4E 45 1
] ik NS Hh w (445 £ Ao
M =1-e™ (2)
Hodr o AT 55 3 (8] P9 50 R 1) 2 A& s TR) s N SF- 3
(4R .

M (D) F=(2) /T RLE H, %F F [ — R G sk
BATC A ARG e Y R R R T L BRAEAE
B AT E B R SR G R R FE Y 43 IC % B ]
B2 RGN 7 L AT 40 L, AR S R B R
JC43 TE ) R R O, 1S AR AR IR B . UL, 7E 4
WE Z TR A] B 52 R G0 Wl R A8 B e A o A B 4
3 AT R R TN R U (= X W N
BeAs R A . ik R G 75 i IR TR B0 A,
Zia (D) A (2) A5 2] KB4 & F ff o
Fic ) 2R S8 B 32y

1, e™" (1 -e™")
/\5 = - 7111 e*#sT

EVE RPN PN X3 AL NDIR S N U 4
FGANCNE RS R G S 15 40 Bl 19 R R s
HEHE S RGFE TP B AR 2R T
ARG AR

(3)



836 b5 M = MK k% F M

A fu S 4R

3 ETHEEEMNFESSEE

145 T 40 43 LB 25 % 18 R e 5 WG 22 )
B X 2% 00 0 TR LA R T 0 R
B £ 25 AT 5 M A 00X B 0 L o (1025 4 75
BN AT I B, G BB 65 3£ I £B 09 1A A S At
HLB 00 T 5 43
3.1 ZBEER

T S 2R S 3 TR e — R A
A 6 B0 5, T o7 12 SR I R L e DL I
S5 T 24 R LA T K 2 R S, f G O
T4 43 T o 4 K B I B 0 5 2 1, TR
R4 GRS B BEN B _ETT EAJ
S SR G 4R 5 LR B (T 5 T
VAR I 2 R R B, RSG5 R %
ABZARBBIERLE. HRER NS T RS
LR FCH R A SR T RS A, B A, AL
HUEIERGE, 5 R % BRI T A% B, 51 B, 418
MR GE, J RGE 2 I TR % Z, %1 7, 4K
BB R G 4T R G 1 4 T 4L 1 R
G, T RYEA, B, Z, W, TR A, BT
ALE) AT SR R S, T RS B, S il LT B!
5 B] AR RS, TR 2, Jth G 2! 5]
Z0 SRR S

43I B R G B LR — R R
ST Sy, DA 2 R A R A K
{5, 2 VP4 R 1 R

F WA s MR R 7,
WTAERE 1], B IRHE 4 M50, B i AT R %
A, R4 RS

w, = ai.ajaiai (4)

IFBRGES JFIE

K2 nEeR

Fig.2 Hierarchical model

2019 4¢
x1 EHRTH
Table 1 Score form example
ARG A L 7 ™, ., B4y
T &Y Al a(]» (LJI a(] a! Wy,
T ARG A, a% (LJZ atz a? wy,
TRYG A, aj a; a, a, Wy,

3.2 REMEBELHESER

5343 WO 32 1 4% 0 B AR AN ER 43 1, 0 B
X
Ay = /\*% (5)
KA ARG TR DI RGBS ITH >
B e s A R A ZR G0 1 TO0J2 % 3 H b f
wy N ARGH ARG ITHYG S, T
HE(4) R 5w, ARG A MZEE1R0 .

&5 W PE 43 43 e i HRB I Xt BR Bk R G dE AT 40
B, 72 B IE R G, SRR 38 & B TG R R A 8
GRS R S 8 i < STy 2 7 ) 11 S
K, A8 3% B LR A 153 0 T A AT R,
A L R % T JHL Al i e 3 8 1 R et iE AT A L

PIFFER RG], B RE S & n AAH
HIBAIG, KRR R A, Bl A, ARG R A, 5
FHITREBCREZ ) e R R

T

/\‘ = 1 - cee

’ / ( ; )\Si Is;$n /\S[ + /\SJ * *
(-1 : (6)

)\s, + /\52 Foeee 4+ )\sn
AL W AT REME | AT B
T =

PFRGE S LA N g, ,n A BT HIX
VAR B wy B o,  —H R

o n |
' L:ZI Ws, ls;jsn W, + Wy,
n- 1
(-1)"" (7)
Wy, + Wy, o+ W

WA Ry B TT DA B HLA R 5 AR
HALZ X R RGN Rk, BEA
AN TR I 32 58 1 2R 56 DA 25 159 4 1 O SR B
K, AT LUK IE T B — R R R G 1 4 A IR Y
JEEEMTHAZMSEZENE ARG it
TN e X R G AT A R M AT 55 W] SR
PRI, RERRHAF ARG TRE T —
2RI

1) S Be 25 53 72 50 i T B

A, = As (8)

S
wST




5 4 3]

XU, 45 5 R 2 N3 I T8 R GEAL 55 AT 5 0 20 e Uy ik

AL A
-

KA HRGE S B i > or RGP 50 BL
BER s w, WAL S WA 0 WRGS 4 i
Mo RGN IT .

2) AT RGERER R
/\zs,- = Ai‘si& (9)
KA HE DRGNS (DT REV L
SITR AR 0, 1 Ar TG54 15 0, S
INFRENE i DT REWNIT 5.

3) Jr LA BT R A

ws,

/\st = A (10)

i
W,

R, BT RANG A0, BT RAD i
A HIEHIFT S

4) SRR TCIG I 5

o LT 0 20 5 SR OG0 2 0
Jiik  HEAR K

AzSinL

L= e = 11
HMs, = Ms Aato s, (11)

A s, B S RGEH @ D HRITTHE B R 5
S ZRGEAS BT IR B AR S S

4 BHEFEE

552 WIS 3 W e B R TR AT 5
CERR 27PN A AR =R i b abik !
5 TS S 30k e 8 R 4 16 R AT T W
Sy o SR, 308 % B % A R I, 2 A H A 1
AT S 4, LA 3 2 % R e R A2 D i, —
Bk i 4 1 2 B ] S A R
% AR . TR SEBR AR B T A A
L IE 9 45 125 2 o i B B 70 fy W 52 8 (ELLE 55 2 35
RIS 3 4 A3 B0 7 v P R 2 1 e R TR 2 1 5
], B0 2 S BOA #1243 B A T S
R o AR S0 I8 45 16 1E BT xh B A 41
BT (90 B AT S B A IO AT B E

R O T B 0, ELA R s i,
St AT T IR I AT SR R, R

VoAD"

Ry =Y g © Y (12)
k=0 .

A A A IBUETE RN 0 B N g 28 &5 N Ol 1 5L
A MR

LUE S iSTvw/ve & C IR > 3 U I 195 AT
TRA
R =e" (13)

W25 B IE R o W] LAA 08 T S0 H]
HE L5 TO A F T BT AT RE Y LA O R AR
LA
=]
TEBC T B Bt 0138 22 25 72 o 1R I 1 R A
PREE BT IREC & RO 220K o o & PR L R Py ST
%5 WIS BE OB X IR
1 0<sX<N
T
S TAE EREOCE X AT AT R T A AT 55 I )
T PN AP 249 i e YRGB 3 3k, B
X = Th, (16)
PRI o5 R 5B A5 9 il 2 3 0 S &R T L AL
E V|

(14)

o, =

N =TPA, +P -1 (17)
A7) AKX (14) 77 DUAT B & 1418 1E &
Boa KN
TP g +P-1 (AS‘T)A‘
o = ;) k’! (18)
W IE 5 BB A8 AT LR o
)lszn = alASi (19)
5 EpHlaMHh

IR RG NG, Z ARG M S A REH
BLARGE 12345 BIKHBRAL, M RE3
AHPIC3A B HAMMIFK RS, 0 AR5 5 & H
BT SA SBSC ALY 2/3 IMRIRR G, H,
STRGE MG RGE 2 A AR, & R R
g 1IR3 iR o iR S 4 A R I ) 22 N
BB B H bR Ay =0.001/h, B84y =0.5/
h, RGETAERFE] T =100 h, 4 55 W 6] Py Fo 07 4845
IffE] £ =0.5h,

1) 3158 L BRAEAE R T A 55 T SR8 A5

R (3) AT H 58 L BRAEAE 52 T /9 T 4
e A RE R A =0.0013/h,

MES/ K :

Al :

i1 38 [ i

— RGN G2 ARG

i #oc ! I

NEGN [hFEG2) | 3A i
BlpiE | | i

B3 A RGUAT 55 T A A

Fig.3 Mission reliability model for a production system



838 It b %

NP NEPNIE I

A fu S 4R

2019 4¢

2) M Tl B 22 B B 23 o) BE ik R AT
oy

M 3l Rz R G nl 0o 2 2,5 1 R
DRG L ~5 AR B ARG . 2 R0 P
gy —WRor & H BT 3A 3B K IR R &L, 7
—HBAr T SA SB SC A MR RG ., €
KO JRIT BN 2 Jis .

LA R4 0.0013/h S THZ 54K , 4 3.2 45
P 7 53T A A 1R A 00 & G0 R R AN
R 3PR.

S HI LA S 2 0. 000 408 ,0. 000 215/h 2y H
PRLITENEE 2 BRIFBR AR LRI R GEH H T
PR B S 3 1 3 4 R

A (1) 5 45 iR JZ 500 1 F 2 i e 12
SN TR A S R AN S IR

3) #&HEIE

s (18) M (19) X 7r R GE 1 A2 #EAT & AF
EIE B IEIG4 R S PRI RRINEE 6 FiR .

®2 F1RERGHHILCE

Table 2 First-level score for whole system

M6 WA, FIHEIEE, R% 1 MRS
2 i AT P R 3 03 C B AR O B R, Al g
BESRAH L FEAR

LA A =0.001/h A B by B SO BTk O 2 i
PO B A B S 5 2L A =0.001 3/h 2y H g
B4y e 45 SRS L, 25 AN 7 iR o

W3R 7 ATLLE & BOCEH BB T
) T B 238 O A 1 T AN 25 R R85 0 T 114 i i R
S TCAH AT 55 P 5 VE SR YA BT BEAIR . H5 4r BC 45
FAE T A, 35 AT 55 A5 M BT K048 Block-
Sim" "N R Ge HE AT AT 45 0TS Pk R R BT, A
ZA5 3 R G803 90,0001 /0, i 2 R G AT 55

®5 BEBEMSRER

Table 5 Results of maintenance allocation h '

RY ErRE BB PRKF TAERR 58 &A1
NR%1 10 7 5 4
KRG 2 10 6 6 6
RECRG PRG3 8 8 8 8
RS 4 8 9 9 5
KRGS 6 10 6 6
) HL9G 3A 10 8 7 5
TR G 3B 10 9 8 6
BT 5A 10 8 7 5
FKLARG FAILSB 10 9 8 6
G 5C 10 7 8 5

®3 FI1EEZTEUSIERER
Table 3 Mission reliability allocation results of

the first level

ARG T BSY I B e % /h !
RGN 0.000 139
IR 2 0.000215
ITERY3 0. 000408
R4 0.000323
YRGS 0.000215

x4 F2RAESTREMSBER
Table 4 Mission reliability allocation results of

the second level

B30 P5 W43 e B B R /h !
BTG 3A 0.000 833
IREY
THRAR R MiIC 3B 0.001285
HIE 5A 0.000216
BREGR MG 5B 0.000333
HLIT 5C 0.000216

G5 il MRS JyFCH) MTTR
BRI 0.2681 3.73
BERG2 0.4136 2.41
NRG4 0.6204 1.61
G 3A 0.6167 1.62
¥LIC 3B 0.9514 1.05
G SA 0.3502 2.85
FLIE 5B 0.5403 1.85
i1 5C 0.3502 2.85

x6 EZNEESELER
Table 6 Mission reliability allocation results

h~!

R A8 IE R FFAB IE A

At Wik A 1 SR
RG] 0.000 139 0.000 141
Iy RYGE2 0.000215 0.000220
Iy R4 0.000323 0.000323
HIG3A 0.000 659 0.000 659
MG 3B 0.001017 0.001017
ML SA 0.000216 0.000216
HiJ0 5B 0.000333 0. 000333
55 5C 0.000216 0.000216

RT ARESBEERILL

Table 7 Comparison of mission reliability

allocation results h-!
e Z2 W A A R 0 11 EAsE A A
L 2 3% 43 T {EL T B 3 43 i
ARG 0.000 107 0.000 141
NERG2 0.000 165 0. 000220
ITERG 4 0.000248 0. 000323
HG 3A 0. 000 641 0. 000 659
HIT 3B 0. 000989 0.001017
HIT 5A 0.000 166 0.000216
#6558 0.000256 0.000333
e 5C 0.000 166 0.000216




5 4 3]

XU, 45 5 R 2 N3 I T8 R GEAL 55 AT 5 0 20 e Uy ik

AL LF 4R

T
e |5 839

APEEPEAE bR 2R o R, )T AS SCHR R A9 O 12
FTAT 55 b S 23 BE AN GUE 0 BE 45 R E AT nT 12 &
GERRE AR T HLA SRR T B

6 % i

-

FE TR AL G AT 55 n] Fg 1 23 B T 35
Po &t o FIRF o A SCHR 9 T8 R LR AL 55 7]
SEPE T TTIE ST 5 I8 T YR8 S AR 2 A
FAF NN RGAL 5 ] FEPE M, BER T 12 N
FTF AL AE AR A il R SE R B AT T R4, AR
HALUT 3 G

1) JH LA JCHE B 5 T R R Y B e AT
SEIRO AT ZR GEAT 55 W] FE R 9 0 e, 0 e 7 i TR
LIRSt

2) FIEERESE R MIE 2 EEIE S B T X R
2% R GE AT FE L 73 BT

3) X EA & F R AOT AT S AR B IR B AR
TR, B T TR S B o

S 2k (References)

[ 1] KAPUR K C,LAMBERSON L R. Reliability in engineering de-
sign [ M ]. Washington, D. C. : John Wiley & Sons, 1977
405-414.

[ 2] KECECIOGLU D. Reliability engineering handbook [ M ]. 2nd
ed. Englewood : PTR Prentice Hall,1991:363-399.

[ 3] CLEMENT L M. Reliability of military electronic equipment
[1]. Journal of the British Institution of Radio Engineers 1956 ,
16(9) :488-495.

[ 4] FALCONE D,SILVESTRI A,BONA D. Integrated factor meth-
od (IFM) : A new reliability allocation technique [ C] // Pro-
ceedings of the IASTED International Conference on Software
Engineering and Applications,2002 ;:166.

[ 5] SILVESTRI A,FALCONE D,BONA G D,et al. A new method
for reliability allocation; Critical flow method[ J]. Lecture Notes
in Control & Information Sciences,2015,20:249-261.

[ 6] CHANG Y C,CHANG K H,LIAW C S. Innovative reliability

allocation using the maximal entropy ordered weighted averaging

method [ J]. Computers & Industrial Engineering, 2009, 57
(4):1274-1281.

[ 7] AMARIS V,HEGDE V. New allocation methods for repairable
systems[ C] // Reliability & Maintainability Symposium. Piscat-
away ;: IEEE Press,2006:290-295

[ 8 ] W, i SCu by i 2. (] I BE 3 O AL R [0 ] B T
77 il ] K PR AR SR, 2009 ,27 (6) :49-53.

FENG C,WANG W F,YANG ] J. Research on the use of avail-
ability allocation model[ J]. Electronic Product Reliability and
Environmental Testing,2009,27(6) :49-53 (in Chinese) .

[ 9] ELEGBEDE C,ADJALLAH K. Availability allocation to repair-
able systems with genetic algorithms; A multi-objective formula-
tion [ J]. Reliability Engineering & System Safety, 2003, 82
(3):319-330.

[10] DUGAN J B. Automated analysis of phased-mission reliability
[J]. IEEE Transactions on Reliability,1991,40(1) :45-52.

[11] TESSERON J M. Mission ; Reliability[ J]. Power & Energy Mag-
azine IEEE,2008 ,6(1) :42-48.

[12] GHODRATI B, KUMAR U. Reliability and operating environ-
ment-based spare parts estimation approach [ J ]. Journal of
Quality in Maintenance Engineering,2005,11(2) :169-184.

[13] gkakAe, BB, ) 5. 8510 2 504 14 0 2 28 43 1iC I e
PEAL[J]. R TREH IG5 908 ,2015,35(11) :2987-2992.
ZHANG Z H,YING X Y,FEI G Y. Spare part rate allocation
and configuration optimization of series system[ J]. Systems En-
gineering-Theory & Practice, 2015,35 (11 ) :2987-2992 ( in
Chinese) .

[14] CHEN C H,YANG Z J,CHEN F et al. The study of reliability
modeling of machining center based on Blocksim and Weibull + +
[J]. Applied Mechanics & Materials,2013,274 :49-52.

[15] CARLUCCI E,TOGNARELLI L. Mixed Weibull distribution as
best representative of forced outage distribution to be implemen-
ted in BlockSim [ C] // ASME 2014 Power Conference. New
York : ASME 2014 : VOO1TO6A009.

EERN:
XEE L WL EEBT I ARG A

F O S 1 & e i S e o 0l el RS
RO A AR



Je A4

840 b B = R KR 2019 4

Mission reliability allocation method considering multiple
factors for repairable systems
LIU Zhaoxia, SUN Yufeng, XUAN Jie, XU Zhihong, ZHAO Guangyan”

(School of Reliability and Systems Engineering, Beihang University, Beijing 100083, China)

Abstract: In practical engineering, a system is usually complex and repairable. lIts reliability model is
not a series model but a mixed model of series, parallel, bypass and voting. The equal-distribution method is
used mostly to allocate mission reliability for complex system at present. The allocation result using this method
is always not accurate. Therefore, a mission reliability allocation method for repairable system considering the
effects of maintenance, fault logic and other factors was proposed in this paper. First, the failure rate was cal-
culated to remove the effect of maintenance. Then the scoring allocation method considering failure logic was
adopted to allocate mission reliability. After that, the spare part coefficient was used to correct the allocation
result. Finally, a case was analyzed to validate the method, which could provide an easy and effective way to
allocate mission reliability for repairable systems in practical engineering.

Keywords ; mission reliability allocation; mixed model; scoring allocation; spare part correction; main-

tenance
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Laser frequency stabilization transmission method based on an F-P cavity

LI Xinyi', LI Xiufei', QUAN Wei'*""

(1. School of Instrumentation and Optoelectronic Engineering, Beihang University, Beijing 100083, China;

2. Advanced Innovation Center for Biomedical Engineering, Beihang University, Beijing 100083, China)

Abstract. Laser frequency stabilization is a common request in the development of quantum sensors. The
frequency of the laser often needs to be locked on the detuning far away from the resonance, which is key to
improve the sensitivity and accuracy of quantum sensors. Aimed at far off-resonance laser frequency stabiliza-
tion, a method of frequency stabilization based on a Fabry-Perot (F-P) cavity to transfer the stability from a
previously locked laser is proposed. A laser frequency was stabilized by saturated absorption spectrum method
as a reference to lock the length of F-P cavity, and the F-P cavity was locked according to a lock-in principle.
The highly stable length of F-P cavity, as a benchmark, helped the target laser wavelength to be locked on
767.001 nm, which is as far as 150 GHz from the resonance. The results show that the laser frequency drift is
1 MHz/h after locked. The method solves the problem of far off-resonance laser frequency stabilization, which
is of great significance to engineering practice and scientific research.

Keywords : semiconductor lasers; laser frequency stabilization; Fabry-Perot (F-P) cavity; laser tuning;

modulation
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