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Adaptive nonsingular fast terminal sliding mode guidance law with
fixed-time convergence

ZHAO Guorong" ", LI Xiaobao®, LIU Shuai’, HAN Xu’

(1. University Staff, Naval Aviation University, Yantai 264001, China;
2. Coastal Defence Academy, Naval Aviation University, Yantai 264001, China)

Abstract: To deal with the terminal guidance problem of missiles for intercepting maneuvering targets, a
nonsingular fixed-time convergent fast terminal sliding mode guidance law is developed with impact angle con-
straints. Compared with finite-time convergent terminal sliding mode guidance laws, the proposed guidance
law ensures that the line of sight (LOS) angle and the LOS angular rate are fixed-time convergent. The con-
vergence time is independent of the initial states of the guidance system and can be set in advance by the guid-
ance law’s parameters. Compared with conventional fixed-time convergent control, a novel nonsingular termi-
nal sliding mode is designed to solve the singularity problem and the faster convergence rate is guaranteed by
regulating the index of the approaching laws of the sliding surface and the LOS angle error. Besides, an adap-
tive law for unknown upper bound estimation of the target acceleration is presented and a priori information on
the target acceleration is not required to be known. Finally, simulation results show that the missile can inter-
cept the maneuvering targets effectively with the proposed guidance law. Besides, comparison with the existing
guidance laws indicates that the faster convergence rate of the guidance system, the shorter intercept time and
the higher intercept accuracy are achieved by the proposed guidance law.
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Classification of key influence factors for failure of turbo
supercharged piston aeroengine
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2. Beijing Key Laboratory of System Safety on Aircraft/Engine, Beihang University, Beijing 100083, China)

Abstract. Using turbocharging technology dramatically increases the complexity of piston engine systems
and the safety issues associated with turbocharger are becoming urgent. A typical two-stage turbo supercharged
piston engine is considered and the judgment method for failure of incentives is focused in this study. Based on
the built whole engine system model, a modified correspondence analysis method is proposed, which imple-
ments the classification of factors on the failure modes. The results show that the key influence factors and po-
tential causes of coupling failure for turbo supercharged piston engine in actual motion can be judged through
changed column contour coordinates in proposed classification method. The test presents that the diameter of
exhaust valve is the dominant factors for safety margin boundary and needs to be controlled primarily.
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Zivon = &0san) + GPE(xinsD,)

i =0,2,3,-.,2D (25)
Ri = GPi(xisansD,) (26)

3.2 EGP-UKF Hi&EiRiiE

i bk sy #r  EGP-UKF J7 ik 2 B Bt
B ) RS T o 7R 5 ) 5k ZE BT B Be b, SR
GP 73 HE AT 2 23 R AR TR R 8 00 A% 70 ) )1 5 %

5 (D, F1D, ) , BT 43 5045 FIPR 2546 Y 0 2 0 55 784 (1Y
B 22 1 VA RS Y Ko FL Bl O 22 B 5 A A o ik 22 5 B [y
Borp 78 UKF B3k 66l B, R I GP 43 SR RS
5 R I 5 AR 0 e 2% HE AT TOI , O B 3 N 3R R
Hhor 2. BREEINT.

1) #iaie
x, = E[x,]
P, = E[(x, - %) (x, - %)"]

2) P15 Sigma xi

x. = [x.x, +/(D+p)P_,x, - /(D+p)P, ]
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3) B[] B

Xik+1/k =f()(i,k) + GP,C (Xi,k ’Df)
i=0,2,3,-,2D .

Wiy ~ N(OsGPfé((xk_l’uk_1>,Df)) *
Qk = GP;(Xi,k’Df) *
2041
Xpvin = 2 WiXi i
i1
2D
ka_”/k = Z LW; (Xi,k+l/k - Xin) (Xi,k+1//c -
=0
-;"kn/k)T] + 0,
Zi,k+l/k = g(Xi,lH-I/k) + GP;Z (Xi,k+l/k ,Dg)
1 =0,2,3,---,2D *
Uy ™ N(O’GPé(xkn/k,Dg) *
R, = GPi(/\/i,lml/k ’Dg) *

2D

2k+l/k = 2 WimZi,k+1/k
iz0
4) 0 R
2D
sz+1/k = Z{ [Wf(Zi,kH/k - Zpr) (Zi,lr+1/k -

~ T
zk+]/k) :| + Rk+1
2D

~

.

kaﬂ/kzk”/k = 26 Wil (Xi,k+]/k = X)) (Zi,k+]/k -
=

A T
zk+1/k) ]
5) REFH
X = X + KT (2, = 20,0)
— _ gain gain \ T
lem - P"k+l/k Kk+1PZk+1/A(Kk+1)

ApWr =W =p/[2(D+B)],D N4EJE,B =
D(a®-1),10 *<a<! K", =P, . P ' |
ARSCHRE ) EGP-UKF 3 4 2 8 Ak 31 7 i
AAUAN s BN R B A 4 3 B A R 2 R A 25 ),
AT ER A BOE R B P AR 7
M2 7R . EGP-UKF #A5EA] LA e 2 2] 4R 25
BRI A T2 BB, e 2 2 5
BERGRAMER 1Y . GP AR 22 IR th GP, HI GP,
N, — BB R G, TOI AR (5w Ao o
X = f(x,) + GP(x, Ax, - f(x,)) +Q, (27)
2 = 8(x,) + 6P (x,, .20, —g(x,)) + Ry,
(28)
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TTTHEZER, FEWMT :Of TR, T GNSS
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Fig.1 Vehicle-mounted experiment

K2 ~K4 4 H T EGP-UKF , UKF , GP-UKF
TR 2 G IRE MR 2ZE LR g R
TEE 2 ~ B 4 b AR SCHE ) EGP-UKF J5 i 1 )
A2 T ELE I B B M RE JL-F-AH W], — D7 T
BRI A FE i 115 4 2 B R 5 I b 3T T A A R AR
— B, Iy — J5 T AE # 0EF4r AR SCO7 B i R RS LR
MSERR —3, R L& T WL, EGP-UKF A
B & & T UKF 1 GP-UKF, K& EGP-UKF &~
{XCRE [ N 1 T FR S8 MR R R A 0 R RS T LA
& T RN E M SR T UKE oK 25 [R R TRASHf E
PEFBR A (520, R4 GP-UKF 2% & 1 I 5 1 52
M), AH 32 07 36 ™ AR B R IR R A B
B, Il Z 05, A SO s B AL T H
i 2 Fh oy, K EGP-UKF 75 5 50 i 25 B AU 11
filt b — 2B F T Rl R S T R GRS
RIANHE LR 20, F58 b BRI R B o 2
HY 2 B50RE T FAH I 9 - 3 22 [ A i 25 2 B L



e R

_ =
%5 6 ] W SC, 45 A R i R el U Y UKE il 307 i 1085
20 0.15
EGP-UKF
b — UKF
l ~- GP-UKF
I '; T
e | { oA 5 o
& il | [Los e AR | WY N &
;'E.\’ s > | .a\:'b' ~ YA E‘b\,
H 1 | pr |
L )| 1 I jz'! -0.15 1
| % '
i I EGP-UKF
:. I | UKF
GP-UKF
-2.5 " N L N L N -0.30 s L L L
0 200 400 600 8OO 1000 1200 1400 0 200 400 600 BOO 1 000 1 200 1 400
BT /s I fl/s
B2 ZhEiRER I S AR 1) 3R % 22 X L
Fig.2 Comparison of latitude error Fig.5 Comparison of east velocity error
2 0.2
~-EGP-UKF
l | 1
~ o1t 1 {1
P | 1 o
£ E f l "-'%;?"‘l
e = d’. oy b -‘:I
;_5 o 0 f et | g e A
o “ A \|
L i L
r<+ = I \
= i I
2 01 f !
| - EGP-UKF
. UKF
. | ' - GP-UKF
- 4 L . b L = _02 i i i i i i
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
1 f)/s I i s
K3 ZREBR2EX I &6 b ) B R 58 25 X 1
Fig.3 Comparison of longitude error Fig.6 Comparison of north velocity error
03 0.025
EGP-UKF
5 \ —UKF
02F |
;L i 0015 | GP-UKF
Il
0.1 1' f, -
£ lﬂ‘ 'w N £ ooos}
£ of Hw* A A\ |
= ( E\ M 1 i \‘f[ £ (W [ '
2 o1} (i o : \ “i H
P “ il i ! 3 0005} m i (AL
02 {! o L H
] EGP-UKF 0015} w
03 } UKF ' .
' GP-UKF
04 X ) ; . A ‘ ~0.025 . . . . . "
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Afa)/s I ilss
B4 R R 20T b W7 K g BE R 22 0 b

Fig.4 Comparison of altitude error

FhFEEE b, EGP-UKF 0] L2 3] 1 151 i3 o A% 70 A
B 2 PR AT R I B 22, I DA% LA R R RIS 0
KIS ~ &7 FRWT, 76 AR ) o B 158 22 At 1) 2R
B 2 )7 i, EGP-UKF [ UKF fil GP-UKF [k i
W AR o — I, AR ) R DR 2E TR 3 R
SR 25— B Oy — b ) R R 25 AR AL R
P 20077 1 20 B i 25 A8 Ak — B0, 77 A 1B PE S R

Fig.7 Comparison of up velocity error

G R AL HE B4 R T W], R R
22 F0 K [ 3 315 22 LT AR ]

8 ~ &1 10 W], 7E ML 1) £A 12 25 A0 A 1
25 FIRE VR ff 1% 22 J5 0, A8 3C EGP-UKF J5 i W] &
i F UKF f1 GP-UKF , 0] L & i , EGP-UKF [ Y
Si3# BE L UKF F1 GP-UKF B4, B 4h , 76 fi 1) £
% 2% J7 i EGP-UKF Y5 UKF, GP-UKF JL T & #f



b A5 4R
s
i 2019 4§

1086 b5 M = MK k% F M
0.08
0.04 |
® 0f
-0.04 +
EGP-UKF
UKF
GP-UKF
-0.08

0 200 400 600 800 1000 1200 1400

H[elts

P8 i I f iR 22 0 b

Fig.8 Comparison of heading angle error

6

EGP-UKF
UKF
GP-UKF

0 200 400 600 800 1000 1200 1400
B fal/s

KO A iR 22 X

Fig.9 Comparison of pitch angle error

8
EGP-UKF
UKF
GP-UKF
= 4F i
a I\ 1
oo |
‘_é 'y E 3 \\'-
= 4t £
I
_8 | s \ \ . \
0 200 400 600 800 1000 1200 1400
i [a/s
B 10 B MR IEXT L
Fig. 10  Comparison of roll angle error
I F

AIERAST T 3 MO AR PERE, AH L GP-
UKF il UKF, 42 ¢ EGP-UKF 7E 2 B 15t 2% il £ Jif
TR BIREAL T 18. 5% . 24. 6% F1 9. 1% .
10. 6% 7 = JE 15 25 7 T, X 3 Fhor i JL-F 4 TH) .
ARl HORE 5% 2% RN b 1) HEORE % 25 3 i BRI T
42.5% 43.3% 1 22. 6% 24.3% . P Hy K )ik

JEE R R B TR O K ) B R 25 JL T R AR Y
BE AR L 1 115 22 AR A 58 25 FVRRVR £ 152 22 43 3]
Mef% T710.3% 30. 1% 24.6% 1 3.4% 24.7% .
28.2% . 4.2 ,EGP-UKF 2: >3 T UKF A1 J5 4b 28
S 2 [A) 1 AR 2 B G G i AR S RN T
POS [yl K5

MG OLT , UKF /3155 5 4% 5 R34 )
BERYERR) R T o BRI, GP AE 24 ) RN B i 72
TR SR A B o S I RSO B =k O R
75, &k GP-UKF [t UKF iz & F 18, Bk T
EGP-UKF Ffi & T GP F1 UKF F:[&] 89 45 5, Fr
EGP-UKF iz & % ¥ [t GP-UKF 18 ,

5 #& it

1) Bt X GE Al 4 A 9 A Y A 0 2 A 19 Il
AL B T a5 GP iy UKF J5 ik 07 i RE e 70
FMMT GPR F1 UKF Wi, X wlik T EMTE &
19k A

2) ZITIEW R L R i AR B 5GP A )
UKF (iR 5 e 200 7 R A1 I A B 1 2 18] 1Y
PR o

3) FRFLETAREW, 5 UKF, GP-UKF A
b, EGP-UKF H A ¥ & 9 £ 1 K5 B2, [ ) EGP-
UKF A S5 049 A8 E B2 B0 BE g, i 2 A
A W Iz AL e

4) Wfir e EGP-UKF [ 52 i 12 R R 1 —
AIFFETT 18] o

2% ik (References)

[1] YEW,LIJL,LI L C.Design and development of a real-time
multi-DSPs and FPGA-based DPOS for InSAR applications
[J]. IEEE Sensors Journal ,2018,18(8) : 3419-3425.

[2] YE W,LIU Z C,LI C,et al. Enhanced Kalman filter using
noisy input Gaussian process regression for bridging GPS outa-
ges in a POS[]]. The Journal of Navigation,2018 ,71(3) :365-
584.

[ 3] RUDOLPH V D. Sigma-point Kalman filters for probabilistic
inference in dynamic state-space models[ D]. Oregon: Oregon
Health and Science University,2004.

[ 4] CHANG L B,HU B Q,LI A,et al. Transformed unscented Kal-
man filter ] ]. IEEE Transactions on Automatic Control,2013,
S8(1): 252-257.

[ 5] GONG X L,ZHANG J X,FANG J C. A modified nonlinear two-
filter smoothing for high-precision airborne integrated GPS and
inertial navigation [ J ]. IEEE Transactions on Instrumentation
and Measurement, 2015 ,64 (12) :3315-3322.

[ 6] GREWAL M S, ANDREWS A P. Kalman filtering: Theory and
practice using MATLAB [ M]. 3rd ed. Hoboken:Wiley,2008.

[ 7] RASMUSSEN C E, WILLIAMS C K I. Gaussian processes for



AL HLF W

a5

% 6 i 3, A RlE R T AR 1E1 U ) UKE Al 3 7 1087
machine learning( adaptive computation and machine learning) IEEE Transactions on Pattern Analysis and Machine Intelli-
[M]. Cambrige:MIT Press,2005. gence,2015,37(2) :408-423.

[ 8] XU Z,LI Y,RIZOS C,et al. Novel hybrid of LS-SVM and Kal- [14] KO J,FOX D. Learning GP-Bayes filters via Gaussian process
man filter for GNSS/INS integration[ J]. The Journal of Naviga- latent variable models[ J]. Autonomous Robots,2011,30(1) :
tion,2010,63(2) :289-299. 3-23.

[ 9 ] ROBERTS S, AIGRAIN S. Gaussian processes for time-series [15] ZEM8, AR u R, BR 24K, 25 B & i 30 810 A9 37 J5 i UKF JF
modelling[ J ]. Philosophical Transactions,2012,371 (1984 ) : I RETRSHEFH A ,2010,32(6) :1281-1285.
125. LI P, SONG S M, CHEN X L, et al. Combining Gaussian

[10] ATIA M M, NOURELDIN A, KORENBERG M. Gaussian process regression and square root UKF method [ J]. Journal of
process regression approach for bridging GPS outages in inte- Systems Engineering and Electronics,2010,32(6) :1281-1285
grated navigation systems [ J ]. Electronics Letters, 2011, 47 (in Chinese).

(1) :52-53.

[11] CHEN H M,CHENG X H,WANG H,et al. Dealing with ob- BB
servation outages within navigation data using Gaussian process iy S O e G 2151 A B o 2 01 h sl L PR 1 R v NS B R
regression [ J ]. The Journal of Navigation, 2014, 67 (4 ). e
603-615.

[12] TGRS, X6, B0 &, 55 g 07 2 1 )9 sk i [0 ] BRNX FML RIS, EEBST I RS E
P 5 P58 ,2013,28(8) 1 1121-1129.

HE Z K,LIU G B,ZHAO X J, et al. Review of Gauss process BE B O PR, FEMFE TN AR,
regression methods [ J]. Control and Decision,2013,28 (8) :
1121-1129 (in Chinese). @A N WL B R R, EERE TS A B

[13] DEISEBROTH M P, FOX D, RASUSSEN C E. Gaussian A,

processes for data-efficient learning in robotics and control[ J].

UKF estimation method incorporating Gaussian process regression

YE Wen'?> " | CAI Chenguang', YANG Ping', LI Jianli’

(1. Division of Mechanics and Acoustics, National Institute of Metrology, Beijing 100029, China;

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

Abstract; The high-precision filter estimation is a key technology in the SINS/GNSS integrated navigation
system, and its estimation accuracy has direct influence on the accuracy of navigation. The traditional filter es-
timation method is based on inertial navigation error model, and does not take its uncertainty into account.
Aimed at the problem, a high-precision filter estimation method is presented, which uses Gaussian process re-
gression ( GPR) to enhance the capabilities of prediction and estimation for parametric unscented Kalman filter
(UKF). On one hand, it can estimate the state vector of the nonlinear parametric UKF on condition that
trained data is limited ; on the other hand, GPR can also take both the noise and the uncertainty in the nonlin-
ear parametric UKF into consideration. The real vehicle-mounted experiment results show that the proposed
method can effectively enhance filter estimation precision through applying the enhanced GPR-UKF into the
SINS/GNSS integrated navigation system.
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Table 3 Lateral modal characteristic parameters of aircraft body under different ice accretion conditions
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Influence of ice accretion on leading edge of wings on stability and
controllability of large aircraft

WEI Yang', XU Haojun', XUE Yuan'"*, LI Zhe', ZHANG Jiuxing’

(1. School of Aeronautics Engineering, Air Force Engineering University, Xi’ an 710038, China;

2. Chinese People’s Liberation Army 93756 Troop, Tianjin 300130, China)

Abstract: Ice accretion on the wings can affect the operational characteristics and flight performance of
the aircraft, posing a hazard to flight safety. Based on the experimental data, the typical ice shapes with dif-
ferent icing severity on the leading edge of wings are constructed. The high-precision numerical simulation
method is used to obtain the aerodynamic data of the background aircraft due to ice accretion, and the aircraft
six-degree-of-freedom nonlinear dynamics model is established. On this basis, an autopilot closed-loop simula-
tion system with three modes, namely, pitch attitude hold mode, roll attitude hold mode and altitude hold
mode, is designed. Through the open-loop simulation, the different severity of ice accretion effects on aircraft
trimming characteristics, longitudinal long and short period modal and lateral modal are analyzed, and the
differences of aircraft dynamic response under different severity of ice accretion are compared. By using the
closed-loop simulation, the influence of ice accretion on the autopilot performance under three modes is stud-
ied. The simulation results show that the ice accretion has an adverse effect on the stability and controllability
of aircraft, including trimming characteristics, modal characteristics and open-loop dynamic response charac-
teristics of aircraft, and threatens the flight safety.
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Table 1 Basic parameters of a dual-cone enveloping

hourglass worm wheel hob
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Table 2 Top land width of each tooth corresponding to
different circumferential positioning

error values
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0.5 1.6082 1.5516 1.5308 1.5435 1.5911
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Fig. 16 Influence of circumferential positioning error on
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Table 3 Land width of different positions of tooth No.1
corresponding to different circumferential

positioning error values
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Fig. 17  Variation of land width of tooth No. 1
4.3 BREZEMIREARITFIRER

FESEPRAE T, 20 FE SR — s IR 22V
I 41 AT A ) E LR 25 X T 1 T
Ak 4 70 17 B 5 R B R, DR, R R BEARIE TR 22 R
b T1A SEAT A BOR BRI RT o AEA S v, 70 58 Y
FVF B X B E N [0.9, 1. 1] mmg R85
K (8), A VF I J ] & 7 1R 25 D, 1Y WUAELYE 1 A
[ -0.122°,0.054° ], BA&RAK 18 fimR .

M) FERCE M 0. I mm I, 7045 55 5 1) 5
MiREHERXRN e, =1.139D, +0.1039, 247]



AL

%6 PR , 55 310 W8 58 TR T J1 71 58 % J8 18] 58 16 1% 22 5% Wi 4 Bt 1103
1.6F e RIS 2%
Cin 1.1 mm . L .
o B AW HAEHERELANSAEE
E B £ I E st VERICUT 2R 4L a9 K 2 4,
uB le=0.9 4
Bz \ i S #k (References)
B =-0.152° D,=0.054°
04 > = [ 1] sk ST a3 RS T LM . 50 LB Tl

D)

P18 T 11k 7041 5 -5 JA 1) 5 o 18 22 1 28 1 5 R
Fig. 18 Relationship between top land width of tooth

No. 1 and circumferential positioning error

T AR VF A X [ E O [0.09,0. 11 ] mm, 72
VPR ) ik 22 D, W HE B [ - 0.0122°,
0.0054°],

5 &

AR SCHEFE 1A I T XUHE ThT £ 265 30 1T s 5 R T
800 Ji A T S ) R AL R 22 X 90 A 5E (5 0
AT 4598

1) S5 i 000 iy 180 St A R — B D Al 3R B
RSUHE THT 42 4 A 18D s AT 8 PR 38 0 n 1 T Ry, PR
I, TEAE T 1) 5 07 1% 22 S AT AE , JE ) ok i i
1 THIAFDAS T B 1T A 7 B AR, ) 2 A SR T
AL EA KA o AT AR S 1) E AL R 22 I
IVERENRAE: Y R PO R R T R T PANTTR DR A W3
A TR XA AL S BT DR AL R R TR
A, Fe 28 51 S 70 A5 T 1Y) 7047 58 K A AR A

2) I G R 22 1R T 1 SRR T b 2k e
— A J 18] 8 LBk 25 AR, R AT B — A8 B9 R T I
T BAHID ) T RE LE A 3R 38 55 A A 1) E oL R 22 I i
PANTTIN R TR D e BT TR el 1 R VA S
A 3o WK 75 T 0 T 1 R D R R T ) R
T e, ATAR BT 70 1A m A b ol i SRR )
2 0 707 26 22 18] B 0, BV ] 45 3 5 A ] 1)
7 1R 22 B 1 I3 58

3) L EMIRE D <0 W, JJ4H7 L e, /I
THEM e, D, >0 W, JI4 5 e, KT EM ]
HIE eo Jol 1) RE 3 18 22 0 R ) 30 1A 1A T A ) i 9
SRR R

4) T1 985 A ) s LR 22 AFAERAE K AR R
Rk RN RFEEXZAE R RERE o X TR E IR
J1, B8 58 I 98 e B, AT RLGRAT 16 A TR &
{6, I HAEW ARG R KN e, =kD +e,o MIGIE
B, AT AR 20 TE VR AR AR S L O A 1R
RENLIRZEE Do SUVF IS AL T B, O 52 B A 7 R AL

JR 4l ,2004 :59.

DONG X Z. Design and modification of enveloping worm gear-
ing[ M ]. Beijing: China Machine Press, 2004 5-9 (in Chi-
nese) .

[ 2 ] SAMUEL I C. Globoidal hob:US,2026215[ P].1935-12-31.

[ 3] Ji R PR A5 B 5 B R i i e AR [ M. Kb F B R
K2 At ,2005:10-13.

ZHOU L Y. The modification principle and manufacturing tech-
nology of hourglass worm [ M |. Changsha: National University
of Defense Technology Press,2005:10-13 (in Chinese).

[ 4] Fkse, oM, T2, % F i & n =L s E A
WRFELRIR [T]. AL nt Lol K554 ,2018 ,44(7) :1001-1009.
HE F Y,SHIZ Y,YU B, et al. Review on Chinese planar doub-
le-enveloping hourglass worm gear drives[ J]. Journal of Beijing
University of Technology,2018 ,44(7) :1001-1009 (in Chinese).

[ 5] & 8ol UCR 1T — W £ 2% PR 17 8 T 1 B JFG G B o 3t 3 45 Y
Wit 5L D]. buH - WiV K% ,2015:79-82.

SHU Q Y. Design and research of dual-cone double hourglass
worm gear pair and its key manufacturing equipment[ D ]. Hang-
zhou : Zhejiang University ,2015:79-82 (in Chinese).

[ 6] EEN, E3CA . NUHE T {2 4% B 1 99341 40w 4 98 i — Rh it 43
Jik[I]. BUbk A% 2l ,2008,32 (1) :52-54.

WANG Z G,WANG W H. A method for calculating cross sec-
tion profile of the dual-cone enveloping worm [ J]. Journal of
Mechanical Transmission,2008,32(1) :52-54 (in Chinese).

[ 7] W%, kb, i 4. B I 8 %6 V8 J) vl 3 85 M i 5 5 M

F— A IR T B [ ] R TR 2244k (A
SRPBL2ER) ,2010,24(6) :23-28.
HAO J J,ZHANG G H,SHI Q. Research and application on an-
nular worm gear hob relieving grinding—Annular worm gear
hob theory[ J]. Journal of Chongqing University of Technology
(' Natural Science) ,2010,24(6) :23-28 (in Chinese) .

[ 8 1 ZRIA, TR IGHE , n e 1E 45 .k 100 62 2% 26 1f0 8 AT 15 406 6 1w

AR R TCWE A E sh ry WFoE [0 ], 3K K52 R ( A R B2
fZ) ,1995,18(4) :15-20.
QIN D T,ZHANG G H, KATO M. Research on mismatched
meshing transmission of conical enveloping hourglass worm and
straight profile worm gear[ J]. Journal of Chongging University
('Natural Science Edition) ,1995,18(4) :15-20(in Chinese) .

[ 9] 3k, 5% B — W fa 4 B 1 W 480 U0 1 I T
931204674 P].1999-02-10.

ZHANG Y X, QI L. Relief grinding method of double enveloping
worm gear hob: 931204674 [ P].1999-02-10 (in Chinese).

[10] FEZ=4. £ 4 ¥R 48 AT & 0 46 78 0 8045 148 R 0 oF 52
[D].dbat . s E A A 2%,2013.71-90.

DONG L Y. Research on NC machining technology of envelo-



1104

b B = R KR

e R

T
e |5 2019 4

[11]

[12]

[13]

[14]

[15]

[16]

ping worm gear hob[ D]. Beijing: China Agricultural Universi-
ty,2013:71-91 (in Chinese) .

S AP 2% A T % 48 TR T RCHE FRUE BE R B R BT [ D ]
dbnt: hE gl K2 ,2016:63-79.

LIU G Y. Research on CNC relief grinding technology of envelo-
ping worm gear hob[ D]. Beijing: China Agricultural Universi-
ty,2016:63-79 (in Chinese) .

LIU G,WEI W J,DONG X Z, et al. Relief grinding of planar
double-enveloping worm gear hob using a four-axis CNC grind-
ing machine[ J]. International Journal of Advanced Manufactur-
ing Technology,2016,89(9-12) : 3631-3640.

RUI C J,LI H T, YANG J, et al. A designing and generating
method for grinding relief surfaces of a dual-cone double-enve-
loping hourglass worm gear hob[ J]. Journal of Mechanical De-
sign,2018,140(12) :123301.

G P, X S0, 45 OUHE AT Y L 2% B 1T S AR VR T
IS A AT 9 %504 B M) 7 ¥ - 201710230235, 3 [ P . 2017-
04-05.

LI H T,RUI C J,LIU P Y, et al. CNC method for grinding the
relief surface of the dual-cone double enveloping hourglass
worm wheel hob: 201710230235.3 [ P].2017-04-05 (in Chi-
nese) .

RUI C J,LI H T,YANG J,et al. Research on a method for de-
signing land surfaces of a dual-cone double enveloping hour-
glass worm wheel hob[ J]. Journal of Advanced Mechanical De-
sign, Systems, and Manufacturing,2018,12(4) :1-14.

TR AW BB FE A [ M T AL 50 HUBE Tl th RAE
1989:10-15.

DONG X Z. Gear meshing theory[ M ]. Beijing: China Machine

[17]

[18]

[19]

[20]

[21]

Press, 1989 :10-15 (in Chinese).

JEF . WG SR M. 2 R P % P 22 300 R A AR
41,2009 :126-131.

WU X T. Gear meshing theory[ M].2nd ed. Xi” an: Xi’ an Jiao
Tong University Press,2009:126-131 (in Chinese) .

) W], B Y LA T M. 4 R JE BT @5 45 30 R
41,2008 :214-229.

MEI X M,HUANG ] Z. Differential geometry[ M ]. 4th ed. Bei-
jing: Higher Education Press,2008:214-229 (in Chinese).
R B m U H) S ) IM ] BB 3 T2 R
#1,2009.

TANG J S. Cutting and cutting tools[ M ]. Wuhan: Wuhan Uni-
versity of Technology Press,2009 (in Chinese).

YANG J,LI H T,RUI C J,et al. A method to generate the spiral
flutes of an hourglass worm gear hob[ J]. Journal of Mechanical
Design,2018,140(4) :063301.

S AN, 25 e, X 6. VERICUT $R 5T #9145 56 ¥ 70 5% 55
TRl E (] BT & TR ,2008(8) :62-64.

JIN C J,LI G L,LIU F. Simulation of the relief grinding of the
gear hob in VERICUT environment [ J ]. Journal of Modern
Manufacturing Engineering,2008 (8) :62-64 (in Chinese) .

fEER N
WEA B WLl BRI 5 AT AL 3
T 39 6 1 T BT 5 i

ZEiEE B4 AR, LRI, BRI AR
% gy B TG 393 AT 42 20 R B 17 395 56 08 ) BT 5 i



A fu S 4R

55 6 3] VA | 25 < R TAT 39 8 7R T T1 B 32 JA] 1) R A6 1 22 B2 TR 23 M 1105

Influence of circumferential positioning error of an hourglass
worm wheel hob on land width
RUI Chengjie' , LI Haitao'>* | YANG Jie', LONG Xinjiani', TAI Jianjian', DING Ning'

(1. College of Engineering, China Agricultural University, Beijing 100083, China;
2. Key Laboratory of Optimal Design of Modern Agricultural Equipment in Beijing, Beijing 100083, China)

Abstract: Land surfaces of an hourglass worm wheel hob needs to be controlled within a range to ensure
the strength and sharpness of cutting edges. Circumference positioning errors lead to the changes of the land
width. In order to grind out the required land surfaces, this paper studies the influence of the circumferential
positioning errors on the land width. A mathematical model for solving the land width with the circumferential
positioning error is established. The variation of the land width along the axial direction and the tooth height
direction of the hob is studied. Effects of the circumferential positioning errors on the land width are simulated
based on a four-axis linkage virtual hourglass worm grinding machine in VERICUT. The results show that the
circumferential positioning errors have the greatest influence on the land width of the side teeth of the hob.
There is a strong correlation between the land width and the errors, showing a linear relationship. In an exam-
ple, the allowable range of the circumferential positioning error is between —0.122° and 0. 054° when the
land width e =1.0 mm varies in the range of +10%.

Keywords: hourglass worm wheel hob; grinding; land width; circumferential positioning error;

error limitation
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DIR7S FRAEME A% MSE ¥{f/10 72 ARE {4
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Table 3 Percentage of influential element importance to

engine post-repairing T, in different methods
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Fig.9 Percentage of influential element importance to

engine post-repairing T'y.,, synthesized

by different methods
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Commercial aircraft engine post-repairing performance prediction
based on fusion of multisource data
TAN Zhixue, ZHONG Shisheng* , LIN Lin

(School of Mechatronics Engineering, Harbin Institute of Technology, Harbin 150001, China)

Abstract: To solve the problem of multisource heterogeneous data fusion in commercial aircraft engine
post-repairing exhaust gas temperature margin prediction, a combined method of convolutional auto-encoder
and extreme gradient boost model was proposed. This method uses the proposed cross entropy increasing factor
to regularize the parameter order in the multi-dimensional engine sensor parameter series observed before repai-
ring, and then uses convolutional auto-encoder to extract features from the regularized parameter series and en-
gine workscope data. With the combined feature composed of the extracted features and the features represen-
ting engine using time, extreme gradient boost model is trained in order to predict engine post-repairing per-
formance and estimate the importance of influential factors. The experiment performed on the prediction of the
post-repairing performance of an engine fleet proved that the proposed method achieves higher prediction preci-
sion than prediction methods supported by one-dimentional parameter series and can predict engine post-repai-
ring exhaust gas temperature margin with an average relative error no higher than 8.3% .
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Precision of crack moment-tensor inversion in porous media
using finite element method
KONG Yue', LI Min""*, CHEN Weimin®

(1. School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China;
2. Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: The monitoring method for the dynamic growth of cracks, which is based on the moment-tensor
theory, utilizes the acoustic-emission signal of crack opening to obtain the information of cracks. The pore in
media has an effect on the accuracy of monitoring results. The two-dimensional plane strain finite element
method (FEM) was applied to build the numerical model with pore involved. The inversion results for specific
cracks in media with different poriness were provided and the mechanism was analyzed. The numerical results
show that the double-couple component is more sensitive to poriness than the other two components. For pure
shear cracks, the proportion of double-couple component decreases with the increase of the poriness. For iso-
tropic and pure tensile cracks, the proportion of double-couple component increases with the increase of the
poriness. The reason is the wave scattering of pore changes the spatial distribution of elastic-wave amplitude
and the effect contains the two aspects. The energy transfer results in the fact that the wave amplitudes of dif-
ferent directions become closer to each other. Meanwhile, the difference of pore distribution increases the
difference between the wave amplitudes of different directions. The effect of pore on inversion results varies for
different cracks, because the weight of the two aspects is different.
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Table 1 Heat conduction property of material
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Table 2 Size of lattice structure

R S PN A R (5

e
A (mm X mm X mm) mm M e H
1 15 x10 x8 0.25 20 x24 x5 =2400
2 10 x10 x 10 0.25 30 x24 x4 =2880
3 7.5 x6x%x8 0.25 40 x40 x5 =8 000

x3 AHEEHEHRESEHR
Table 3 Equivalent heat conduction property of

lattice structure

Pl 3/ (mW - B/ HeR A/
mm 'K (10°"t- (10 mJ -
e L e
k. k, k. mm ") )
1 1.50  0.667  0.427 3.62735 9
2 0.911  0.911  0.911 3.82258 9
30197 1.26  2.25  7.66309 9
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Fig.3 Non-equivalent finite element model

Bl 4 S 5A BT
Fig.4 Equivalent finite element model

T 1 AR A RHE T S = 4 AT G Y R SRR
PESE ST, JE 45 0 PR OTAE AL b f BRI G 5 4%
BOA R ITAEE B o BT — — X

TR 55 340 PR TR R RN 4 300 BR TR A A /2
) it Gn = (10) 7R 19 52 45 FA gk A
f(e) = Alsin(%t) + Azcos(%t)
e BT VE RN ] 5 A (A, D BT 23 AR I
T, T, B A . A S0 A, =250 W/mm®,
A, =150 W/mm® | T, =255, T, =5s, HAh3Mm L
o 29

BRI AT 0 AR SRR R TR 7Y R
A FROCE A AT 100 s 1 F 28 #A% 2 3 Ao
U= o S [ I S R - 3 2 A A A T
Bl SHr R

AR SCRI R 5 BB R RN 05 18 22 Ryye K5 10
S50 FROCHE AL L T AR S5 880 BROTHE AL 00 &
0 7 /N W

2 (yi _9:5)2
i=1

Z(yi _;)2

1 n ~ 2
R, . = — —_—
MSE ny /;(% )

B o g SRR B ] By, Al SR FR T
TR SRAE OB 5 v o 25 2804 BRI 155 00 SR B A £ 3
sy H oy T M R —1, R, —0 B, 25K
AR TR R . 4 N S ACH PR TR RS

(10)

R =1 (11)

(12)



b A5 R
s

%6 W 55, 55 = 4 B 5 M S 5O B 5 LAk T i
—— 2.3 EMERTERBETHETNL
3F - 1o ) — . o N .
. .;:;J{{]-El-il:mg!gg;g-g " R4 A7 R T Jt 3, g — 20 b 4 35A B o
P o (i BT R, AT DARRAR T 5 A, B2 v B
v "" BB, B, PAER 2 Fron BRI AN 2 () R RES
= I # ), e Sr AN 5 BT R B AT AR B R Y 4
& > = ek \ P — A
' S A BROTHE AL, DLW 5 A ] B /D 1) ¥ 5T 500 45 AL
i ‘,-" SBEZER AR AT M B BT OC R 5 R 3 P
O R . . . . ST 2 LR
L D E5 2.2 WA R L&A1 F 347 #0085 4
B fl/s N STy N N 2
L 7 VRE L 32 BB A 0 e 5 A A, 4531053
2R A 6 s,
20 -~ T PR - ﬁﬁ%ﬁﬁ%fﬁ%ﬁ R2 %ui/}jﬁi%% RMSE ﬁgﬁx
. = 4% L i T / . N o I
R 58 247 BT RETRL SO R B D AR 48 2 B T B
i ’,F' AU s R AR SR RO FROTA A Y 86 755, 1t
5 10} Fi AT L T A 4 R ROC B 1 5 B B, 02k 6
B @ iR o AT LA 3, 24 25347 BROGAR 8 2 0 50k ok />
i F70% ~90% I}, S04 R TC A RS BE A7 - e, 1L
L
0 F ..II'D.---.'. Wﬁﬁ?ﬁj/@ RZ 20 99 ’RMSE $0 01 o %?ﬁﬁ@ﬁfﬁﬂﬂ
. . & W 1% DA AR AR S8 FR T B T i A T R 5
B il x5 SEYERTEBBATHE
(b) mifEdEmi2 Table 5 Number of elements of equivalent
" finite element model
vl ’ ¥ 5T w oy 2 7 16 B S5 2 T B
. 1 30 x24 x4 =2880
08
v v 2 20 x16 x3 =960
B 06 I 3 15 x 12 x2 =360
#
M P4 2o [ —— EBAATRLERR
02k P i [rlie— AP ICHL
v —— AT RC I
0F E—— 15k S AT PR TR 3
-02 L— : - : : : v
0 20 40 60 80 100 = 10
Hif[a]/s E:é'
(c) siEdem3 05
&S AN TR] A I 2 2 e T il 6 oF - ~

Fig.5 Temperature curves of various types of lattice
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Table 4 Precision analysis of equivalent finite

element model

ey ] LIPS 48 R? Rysg
1 2400 0.99999%4 0.000340
2 2880 0.999976 0.000698
3 8000 0.999989 0.000494
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s fi)/s
Bl 6 A [a] 45 00 KR T AR AL i EE A HE il 2%
Fig.6 Temperature comparison curves of
various equivalent finite element models
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Table 6 Precision comparison of equivalent

finite element model
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AR LGS BR TS R E 47 4% T 40 M, 24 A B
TG RSF AR B, S RORS BE AR LB/ IR R R B R
Ko

SRMARIT WA RNy >

2 Ruon
e Wi Wb% K

3875 42.6 0.999976 0.000698

2 1428 78.9 0.999 106 0.004 269

3 624 90.8 0.998401 0.005707




e R

I
1126 I ADTES NS NIV S 4 2019 4
6
3 ETEHENARTERN=ZHE Al | |
iR AL i N |
= |
DA R R P R 1 = A R L L £ 3 | '| | |
A U2 M 45 A 3 B R HE EL AT 1 g 2 | & |
W2 BT SR b 5 32— B AT 45 R AR i o || |
B (5) 53 (6) T of ! L L
k”:k”:ku = (12:1)2:02 (13) _ L L L ..I 1 _' L I
Mﬁﬁﬂ%ﬂ ,Eﬁ%ﬂiﬁﬁiﬂﬂ‘ﬁlﬁ] E@‘%ﬁF ,,"J—i[;iggj:f -1 000 1 000 ;(::1;;\ 5 000 7000

FFEAS 6] J5 1) b i S APk B 5 H e oo fa 28 R
TR G 5 Y A BT A RURAS I SR
i 04 285 RUST 42 52 Wl i O 7 2 T 1 i) 4 i %
MR R FNEYE . SR AR S RO BROCE R 4T
GYAT B, 5 S5 R N R M AR T R T S PR A
PR o DT AT, AH b TR S 80R PR TR | R
FHAS SCH H 1 25 30OA BR TR Y R AT A MR 4 A8 P Ak
Wit BA LT 2 MMES O fbad fE v, 2 M50
WS SRS INE Y, R EE R
ZFFRRE AR S5 R0A FR TR RS AR 2.2 97 2.3 15
B NS, 4RO PR TR B o B i 5 i P i o
oA — 30, SRR R TR AT LA U 2
FUAK AR S5 800 PR B B HE A7 31 58, A T B T
ST AT FRTCHRE L 5 ) 5R FH 45 R0 BR T AE 78 E 47 4 B
TCHAL T3 A B, AT R b 0 A BR ST S8 ) 1]

A [FIAE LS 2 715 Jir 3 14 X B Ry 461, O g
=4 S5 AL SO R 5T, I R T
SR, RGN EEIRER ¢, =
0.5 mm, i B Ml oo A 4% R~F 24 abe = 10 mm x
10 mm x 10 mm , #& K 2544 it 5 M = 0. 373 kg, LA
TSR T R ), S5 b 2 E X Y B R
JAM T, =1h, M5 A, =5kW B 07, 850
% 0.2 MPa PN [ i & 26 4 H X S an i 7 e
R A AN 8 BT IR o AR SR T 45 4 1) A 1
Tk 2 5 22 S R AR 26 7 HE 34 P, R 207 57 282 I ]
WL WG BT Y 25 R R RO R O 22 B K
Var, , =5.364 K,

7 3 A T X
Fig.7 Loading area

P8 R A A8 AL 2%

Fig.8 Variation curve of thermal load

N T 2 5 T 8 B AR PR RE  AE A IR T 00
T AZS A R Ty 22 B RIE A S KP4
WA, LAGS A TR e 2 AR AR, o 34 B At
R BT, Bt A2 8 B G AE oy oz J7 1)
ERMEITECRE NN, N RS RJRE o s S
Ay 2 BRI S B i i A v, AR B 2 AR R
il B5CRAR T 58 B2 JREE 9 RS, DR AN i %~ 42 R
TS B — o RG22 WA R T, A
Bl TE 4 R 5 N N, N AR %

a =P /N,

b =P/N, (14)
¢ =PJ/N,
T HE S AR R Sy
obj:min M = f(P_,P ,P.,N,,N ,N_ ,A,p.)
2 < N, <40
%ﬁ <N, <32
s.L.2IS N, <6 (15)
S, =1
Mar <5

AL v 8 O A A2 A9 BTl DA U A

1) M4 2.3 797, s ML oo 5 25 R0 IR T
AR BT RS i (1 A8 A A i 7E 50% LLN o

2) EERSHECEAEE N, 21 A4 %
0.2 MPa JE Jy 1§ &0 F % BR 7y &8 & K B 1 Ky
130 MPa, /N4 46H % R Je iR 17 F) 160 MPa, BJ 34544
i JE 45 i E 5K

B b, A SR TR & 2 807 51 — R &
(MISQP) Bk #E AT 42 ]y A AL SR A , 28 1k o D oy 2%
R 2 /N T o e K B . itk an
B9 FrR. AR ST (N,,N,,N,,1,) =
(23,16,2,0.599 mm), pp i} M, =0.361 kg,
Var,, =5.000K",



55 6 3]

ABSRTE A - = Y A R AR R T S L T v

AL LF 4R

T
e |5 1127

Xt AR R JE B2 AR PERE AN 3 7 Bk . W]
L AR i B 3 B L JRE T 22 e RAELAE 24 SR
Z A TR I SR EE AR BT R B 3. 2% , B i 1
PERERF RN $ET)

0.8
—l—,||ﬂ'||=_' . 49
07 F /"\ - = G 2 1
¥ , i,
en Ub F |. | <,
g ;o ] «
& o5l i‘l".__,‘"*._.' '. Fen, puesn, pr 45 in
] ! T Ol T L L] =
11 : AT |
04 - kg pdla SEC )
: L Illl.l"‘ "___-’"\_"_r.f =
[T e T .
41
0 10 20 30 40
AU
K9 e diL il Abad 72
Fig.9  Optimization process of optimal solution

RT MUERSMHRITE
Table 7 Comparison of optimization results and
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Equivalent thermal analysis and optimization method for
three-dimensional lattice structure
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Abstract: In order to achieve efficient and accurate thermal conduction analysis of three-dimensional lat-
tice, based on the principle of thermodynamics, the equivalent heat conduction formula of lattice structure is
deduced, and the modeling method of the equivalent heat conduction analysis model is proposed. The equiva-
lent finite element model of lattice structure is established by using equivalent modeling method. Then the effi-
ciency and accuracy of the heat conduction analysis of the equivalent model are proved by comparing with the
results of the non-equivalent finite element model. Aimed at the optimization design of lattice structure under
the requirement of function and performance, the lattice structure optimization method is given and the optimi-
zation mathematical model is established based on the proposed equivalent analysis method. The mixed integer
sequential quadratic programming ( MISQP) algorithm is used for iterative computation and the optimal design
scheme is obtained, which makes the lattice structure meet the thermal performance constraints and mass has
been reduced.
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Fig. 1  Schematic of 2-position and 3-way
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Analysis and optimization on compound PWM control
strategy of high-speed on/off valve
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(College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Aimed at slow response and high-power consumption of high-speed on/off valve ( HSV) con-
trolled by single PWM signal, a compound PWM control strategy proposed from the point of view of the digital
signal generation mechanism, which consists of reference PWM, excitation PWM, high-frequency PWM and
reverse PWM. First, mechanism and working principle of compound PWM control strategy are given. Next,
the influence rules of duty cycle of excitation PWM, high-frequency PWM and reverse PWM signals on per-
formance of HSV are studied by simulation under different boundary conditions. Finally, the closed-loop con-
trollers of these PWM’ s duty cycle are designed based on state variable feedback. Simulation results show that
the proposed compound PWM controller can reduce power consumption and closing time of HSV effectively.
The coil current is reduced by 80% at maximum position of the ball valve, and closing time of HSV is short-
ened by 62.5% approximately, compared with single PWM control strategy.
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Fig. 1 Basic circuit of SET pulse width measuring circuit
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Fig.2 Test system of pulse laser
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Table 1 Heavy ion parameters

BT BER/MeV LET fi/(MeV + em?® - mg™') §F2/pm
Fe 6.3 292 20

1994.1 49.65 150. 44

Xe 1209.5 66 87.88

Bi 1283.3 97.8 69.8
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Fig.3 Relationship between SET pulse width

distribution and laser energy
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Fig.7  Structure of parasitic bipolar transistor in CMOS

circuit in double well process
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Single-event-transient pulse width characteristics of
130 nm bulk silicon inverter chain
LI Sai'?*, CHEN Rui', HAN Jianwei' "

(1. National Space Science Center, Chinese Academy of Sciences, Beijing 100190, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China;
3. School of Astronomy and Space Science, University of Chinese Academy of Sciences, Beijing 101407, China)

Abstract: Experimental research of single-event-transient ( SET) is carried out by means of pulse laser
and heavy ion irradiation on the inverter chain fabricated by 130 nm bulk silicon process. The impacts of laser
energy, heavy ion linear energy transfer (LET), and PMOS gate length on the characteristics of SET pulse
width were analyzed. Experimental results of heavy ion and laser are similar, and both results show that the
pulse width of SET increases with laser energy/LET raise, and the distribution of SET pulse width has double
(or multiple) peaks, but the number of SET generated in the circuit increases first and then decreases. In ad-
dition, the experimental results show that, under different laser energy/LET, the size of PMOS gate length af-
fects the characteristics of SET differently. At low laser energy/LET, the circuit with larger PMOS gate length
produces a wider SET pulse, and on the contrary, at high laser energy/LET, the circuit with smaller PMOS
gate length produces a wider SET pulse. Through the analysis of the experimental results, it is found that the
parasitic bipolar amplification effect may be the main cause of the difference of SET characteristics with high
energy/LET irradiation.
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(| i

1 (P, - acosBsina)’]?

= [ (P,, + asin ozsinﬁ)2 + (d - acos a)z +

(| |

0 (P, + acos Bsin a)2]7

I:I 1

l%‘ = [(P,, +acos B —-d)’ + (P, —asinB)* ]~

(13)

XS HE 3

6 = arccos{[2r - (acos B — P tan B —d)* -
(P, —asinB)*1/(2r) } (14)

Ao RSk 3 P EFF R EE ;0 I
% (13) F (14) BY 232 9 BE ALY 19 17 2 S 1 it
Bt
2.2 fIRIEfE

7 %% TF % & © 1 2UPR-RRU Jf B¢ HL#) 4% 3K

- acos Bsin a + P, ]

acos Bsin o + P, ]"

p=[P, P, P,]

1B B °F & 1207 1202 3l 78 P Se i F B 1Ak
PRAR o« RHBERE T o, 8 y WIERE T B MRG0
LT x0z 10 ATy Bl il 26 L DR 0 A 5 Bl ad 7
TP IR E T O AR YE NG LY A6 1, R Sl 1, 7
li] 55 Bl ) (9 5 Sl 8,05 1 i SR B, L Py, =
P, tan B, IS HLF 1K) 3 & Hai 07 B 2 B0 & 25
SR R [Potan g 0 P ] [« B 0]
A RPY (Roll-Pitch-Yaw) ffi (A3 3 A2 b)) A i
RARFR B £ 1S T84

jeos B 0 sin B
T =RBR(ORO) =50 1 0 3
I:l—sinﬁ 0 COSBD
0 O m 0 g
% cos a —sina% 1 Oél—‘
Ld sin « cosal]a o 14
jcos B sin asin B sin Bcos « O
E 0 cos a - sin a E (11)
M gin B cos Bsin a cos Bcos (xD

A1 F7EBA ML =B ~0B =B, -b, 1

T

(12)

BT S BOR R 307 B B AL E S 2 R
P o K B TRIAR, X HUR ] PSO B3 oK i bk
RN T AL MM . N T R SCRE 3
5 T A R ST RO e A, B A
e 3 O NN S S B uR 3

1) H5Ee A B AR ek %

% :ll _ln

mzlz_liz (15)
% = ls _li3

2) #itife PSO B3k R K

B E AR E B EALE e RAR R Rl AL
Fidse KB REAFRAS R BT E N x =
(Po.,a,B), 8 m A RCR ARG 3 F & #3562
SRR R, ARS8k 1 R,

3) KL N BE PR ER

Lf=0h L A]RH F-EEL
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et = (3 1Paat

H HBE IO S S R R bR, G N T
10 B IR A5 3R
4) KL B b in E T I A
BT R IR A B AR R A B
x1 MFHRAUEESH
Table 1 Parameters of PSO algorithm

B AL & ! a5 0T He 4% R T 1 38 B R
Bl AL, FHREVRLT 1 b AR AR 15 42 R B
KLy p, Wit SRR (B AL B, SR A 5N

Vie = Vid + Clrl(pid - xi’d) + CZrZ(p;d - xéd)

(16)

1 t+1
Xig = Xig TVy (17)

vy, g o I 2R F 3 5 5 X, Ol o I 2L 5 7

B Bifi Br, S, WSS AEL0, 1] XA FEHLEL
FERLBE 40 T8 B L 1 LT R RS S RS B
wANT 2 B, I HO B B B BRBR, 20T A o
e KRB 500
g2 i 0.01 B R T B WA WAL p! [ B, 45
UM ~0.01 BECP A B R T8 T pl, AR 2 5 0 BR % 2
e o — P AT A R I B0 5 T
. [-0.3,-0.1] MRS FIESTA A,
o B [/ rad [ -0.314,0.314] T AT AT, S5 R FE 2 iR, &
ERHRR o L0 30, {5 PSO 7 #3811 MR 0T 3 B
K2 NMEEREGLER
Table 2 Results of forward kinematics examples
i A/ mm i
=1 EARUEL
Ly ln L ¥ & /mm 7 26 % R 25/ mm B/ rad B YRR 2/ rad
1 180 200 180 [6.022 O -146.571] [0 O -0.003] [ -0.072 =-0.041 0] [0 0 0] 458
2 200 220 180 [20.543 0 -170.672] [0 O -0.001] [ -0.068 -0.032 0] [0 0.001 O] 399
3 280 260 220 [43.613 0 -237.684] [0.001 0 0] [0.062 -0.182 0] [0 0.001 0] 421
M T X 52 0 O s S A L 1.2 R A
. e s T HUR EA 42 T [ H R A R E A B i
= — B3 HLAR7E AR & 3K 3 (9 5 B0 F AR AFE D %, R )
g A SRS MUK B T AT, 3T A
& R R B  f AR ST AR
B | L R > PR BN G o AR SCR FUME T H S I 159 5 2 58 43 B LA
e - SHE L S 2 MR S A A K SR 3 eh ] (1 5 B
0 100 200 300 400 500

AU
B3 K56 PSO 53 k38 B ih £k
Fig.3 PSO algorithm fitness curves of different examples

M2 FE 3 AT LLE B, EaREF 153 T
TE 25 7€ SR 3 25 15 8 19 3l 58 00 007 25, 28 X 1% 22
BN 3 N RS, 15 #) T 2UPR-RRU Jf:
ALY L 25 E i 1 H 1o PRt o 67 25 0 i Y IR
LA ) RO A Ay i A0 Al T 8, A JHE T A 5[] P R
F PSO Bk R A7 10 Ak SR A 2 H. 45 i R0H0 5K il 2

SR 1 3% 07 12 HA R A 3 P .

3 BIFHRESH

Bt BE AT S i Al R s TR TR &
AR, B IE S TR AL 22, R EBE T F R,

il 0 B8 B < 9 1) 2UPR-RRU Jf BX AL 14 98 3l 77 57
P

XF X (13) 5K 5 8 3G 759 31 S8k fm A
2 5 A 2 A SE AR

Q0 o
A (18)
Ao B L
OO 2 O
Ly 0:
A« i ok B HE T E AR A Oy
ﬂn Ay, A|3D
A = %21 Ay A23g (19)
L] Ll
Lh 4, a,U

v
¥}
w
@

)
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A, = adsin acos’ B — aP,.cos acos B 1 [+ sin asin B(a + adsec a) []
A,, = P.tan B — aP,sin asin B %? = % — acos a E
1 .
A, = P,. - asinacos B Ol L sin acos B(a + Vadsec a) U
O . .
A,, = P} tan B + aP, sin asin B | F sin asin B( vadsec a - a) O
, A = = acos a Ol (24)
A,; = P, + asin acos B . H =
. s | L sin acos B( Vadsec o - a) U
A,, = P, tan B + adsin Becos” B - P,.d O
O [F sin asin B vadsec a + acos B[]
A,; = P, — dsin Beos B Qe - O 0 |
) =
IR - B = s
E‘%E[@ffﬁjit‘f” 0, ML W & 4 BK 3 &F (| El—asin,B—sin aCOSBmD

5, RN P KB A AR T, 37 &
EBATAINL Ay BE RS B R £ T Al
i N\ BEE AT LEAE RS B Oy

[fcos’ B 0 0 O
O O
B =1 0 Lcos” B 0 0o (20)
H H
Lo 0 r’sin fcos’ BD

AT B =0, HLH W K A B A
S, RIN TG A i g, HUAL 3K 3l 565 AT LA
AU E] T B bR, WA R

HHFATHI A5 [ BRI 0 W, HLH %
ARG TR WEATHA(19) DL & (20) 15
|A| = 2adcos’ B(asin B - P,.) -

(P}.cos a — adcos’ Bsin® ) (21)
|B| = 1,L,r*sin fcos’ B (22)

LIRS, 2 0 =088 180°Hf, SCHE 3 19 PIAT
sk kAR A 2 B = 90° I, LI [H]
FERAE DR A F: 50,0 5 L BRKEA A RES
03 A S B D0 , 320 547 5 2 mT LA 3 2o BR ] 5~
3 3l A BE R G S 1Y), 712 B3 B A XE LR AR 5 T
AARERE AT IR WEIE B2 P, = asin B B
P}, = adcos’ Bsina tan o I o N AT HEATITIE

R IR SRR TR A VA S AN
WK [asin Btan B 0 asinB]',[0 B 0", Hp
P, =asinB,a =0°, P I SR 75 3 &5 £ 578 #-F
ER A Y T

A:) = [asin Btan B —a asin ﬂ] !
A} = [asin Btan B a asin B]" (23)
A} = [asecp 0 0]"

LBz, =0, B3 511 A, flizsh 3
5 0y FTH N I AU 20 K AR R B A7 57 o

15 2 MUY DAL 8 2 5O 8 5 2 5000
MR - sing sin B adsec a0
Vadsec a]",[a B 0]", B} P, = —sin acos B -
Vadsec o, I F1°F & 45 55 4855 N

—sin acos 3 ¢

J 3 Hr 2UPR-RRU I HR ALY 9K 3) 77 57 1 =5
[a] A FL A, 2 a =180 mm, d =300 mm, £ «
[ -0.314,0.314]rad 5 8 [ -0.314,0.314 ] rad
T N AE L 3 & Be b A S A0 2, WA 4 p
o B SERAEREF &, him SR8 6 &%
WKl S 0 B B AL, AT VR R A R
)2 6 T#F & X PRI, KA AE 2 = 125. 6 mm
Flz = —125. 6mmPM A~ [ 2 6], H 3% 5 14,

(165.6,0,125.6)
150

=50

=100
~150 - 100 _,
300 200 100

0 -100 590 _
»mm

300100

€4 2UPR-RRU F-IK B4 B 0K 5l w5 (o 78 25 W) 43 A

Fig.4 Theoretical spatial distribution of driven singular

positions for 2UPR-RRU parallel mechanism

200°<_ 300

I s 200
yimm =200 100

-400 ", x/mm

K5 fiF z= - 100 mm i Z S 4K 5]
wF i 7 2 (] 43 AR
Fig.5 Spatial distribution of driven singular position

outside z = — 100 mm plane
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MAREFEEEF G 1 B, A (2 71 e R2ZE(H A
10. 15mm) , 583 A, B, Z WA TR 5 EFT,
PHUR, 2 J7 ) Ab AR 2 22 4 AT g /N F10. 15 mm, [ g
X AT S Al DA A o

F I8V 5 9P TARE B oK K s F 5
F 2 [ AR B 48 35S 1) € SCAE - 100 mm 22 Sh
W WA S fros, kB ar A B e K, BUA AT
TEYR S 7 S B 4o 4 bR iR , 2UPR-RRU Jf B
PUA HA B 19 32 3 1k A3 R 1%, A2 S8 B T
M AA SR AT HAR

45 ®

A SO — i T 48 4 i R PR R S Y
Al 2UPR-RRU = [ IR B ALY , A1) FH 12 e 2
WHHT T U B BB, B S E AT T AL IR R
fift o3 AT LA B BT SRS M o AT R

1) Hr & 2UPR-RRU JREEHLA H AT 1T2R By
S HW M, B AW EERASHE TS0
AR AR — 2 B A 8 A R R Y JF
HRHLAL 32 SRR M AT

2) FEMLFA A S IE A () 75 L K Al Rty R A
Jva] R 2 Ak oM ARG A T 8ok ) PSO B3k k47 R 1
S5 R % A BT R TSR RN R

3) 2UPR-RRU Jf HX ML A4 AS 47 7 i1 L 45 S Al
BAA S BAER TR, HAe Fixar 5 A
23 (] S 56 T & 5 i 6 FR 14, (H A8 52 BR 8 T
VEZS (B AN 23 & A2 R sl 5 i B4, 36 B i iy 78l
PA R A0 3K 3l R vk, B B i i TV 1. W]
B, 25 SO O 128 A K B RR T L B/ NI EE K s 3
G B S5 PR BE I W 5 2 T Bk
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2UPR-RRU parallel mechanism and its kinematic analysis

CHEN Miao, ZHANG Qing” , GE Yunfei, QIN Xianrong, SUN Yuantao

(School of Mechanical Engineering, Tongji University, Shanghai 201804, China)

Abstract: To actualize the requirement of friction stir welding for light metal materials in aerospace man-
ufacturing, this paper proposed a novel 2UPR-RRU parallel mechanism with IT2R 3-DOF as the manipulator
of the welding equipment. Based on screw theory, the mechanism of one translational and two rotational full-
cycle DOFs was found on general position and special position. Kinematic model of 2UPR-RRU parallel mech-
anism was constructed. Then the relationship between platform’ s positions and driving joints was analyzed by
closed loop vector method and forward/inverse kinematics solutions were deduced. The optimal objective func-
tion was established in the process of forward kinematics, particle swarm optimization ( PSO) algorithm was
used to analyze the relationship between platform outputs and driving joints inputs, and finally the exact solu-
tion was found. Based on the input/output velocity Jacobi matrix, the motion singularity of 2UPR-RRU was
analyzed, and especially the conditions to avoid driving singularity were discussed in detail. The research
shows that 2UPR-RRU parallel mechanism, which is an important full-cycle DOF mechanism, possesses excel-
lent kinetic characteristics, driving characteristics and high potential application.

Keywords ; friction stir welding; 2UPR-RRU parallel mechanism; screw theory; full-cycle DOF'; forward

kinematics; singularity analysis
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HF UGF-GO £y EWIS ;B 2GS AT = 4 47

wE, BREE, IHL

£T]
SCEL
LRI TR HUACTL RSB, K 1160245 2. JMHMZEMR KRy B 7F S TR Be, YL 110136)

i B AN UNERAABERAR(EWIS ) 2R A MEHRATE TEER
M A S 1 AL, KRR A R B B (UGF) fn GO sk @&, 48 1 7 £ T UGF-GO %ty EWIS & {47
UM T E, B, FREVIS A EEHHFEARRAAEHZFE AR SEANS B MW
Wiener R b if R A A M M ERR,RA LR K#ERHFFF (MCMC) F ka4
AR SRHATEIT  FEER SRS RE T ERTA L, FERARHN R R R
et &, RR,EQMNMRERAT EMA, A A UGF-GO 3% 3t £ Wl EWIS £ 45 77 & £
#RARERTE, T, WX VLR EABIRAANA  EoHFEUTERTRHER, T
FRARESARGRAATTREMEAF, ERELA . UCF-CO R ABMRAZE MRS

F AT R AL,
x #

% (MCMC) ; UGF-GO #
hESES. V242.471; TB114.3
MNEtFRIREG . A

KAHLH R 2% H B R 58 (Electrical Wiring In-
terconnection System , EWIS) J& FH 5, [X 485 5] 1% &y ¥,
AE CCLARECE AE ) Y& Rl 45 A% A 2k
WEMH A AV W RGEL M, EWIS 7T
23 TRl A AR AT, AT g 1R L e KL
AT A EWIS SR EAL kAN TR B R
A, LB R AR A S 1 2 g i
EWIS AR 500 Ak st et DR ot A7 6 B R T S it
A REPE TR BOR HEAT EWIS Bt , DT B 14 52 T
LAt

Fl 20 tiE4d 80 4G A7 B L R G R HE &
Dok Py A 3 6 R S 1R AR 5 R
GenlSErk R AR i T AR 2 e gy T, —
TR OB A A (IR R IR B/
RO ARG R, Li 55 BRI R
11 2k 52 AU TR 3R R ) ) 2 MR A B A, AR A R

W RAABERKAL (EWIS); ARG ElE; Wiener I 25 B /R T K8 K4 F

XE4HS: 1001-5965(2019)06-1153-09

PR BE AR 23 U T 1 7 T A O B3O 3 5 T BRI A
2R GE n] RE TR eR B0 5C R B BB, R A
LA 4R R G Y 7] & 1 5 Faghih-Roohi 4517 4
438 FH A= % 26 %X ( Universal Generating Function,
UGF) Fl By 7k AT R # , i Sr 7 2R INAL k/n 5
g ] SEPEVEAL (04 Bl AR, I R 35 1% RV S 6T
R YA TRAFTEA [FPIR ST B 232 B i (1) 22 Ak i) it
PEATHRAL o o — S8 7 2 R 4 8 3 46 11 O e 2 A
PEEAT 53 b, 28 10 LA OGB4 i R AR KAk 3 &
Geas R B ARIE 2, Li 25" 3 5 A R Al s
He IR T RETE S A 4 T B 3 RS AT SR 4y
A, 1) AR 2 B v %o 2% 8 1 1B A A M P 2k
BGIEAT AT SRR A3 5 82 AR AR N T B fE S
RYNERERY & & &, F) T T & 14 19 12 A B 1k %k
TR R GVERE T S, il 7RG SR
ML /R B k45 52 5+ % ( Markov Chain Monte

Wi EH: 2018-10-13; EA HHI: 2019-01-04; M4 HARATIE : 2019-01-23 11:39
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Carlo, MCMC) % ¥ AT U A7 J7 50 BLSR b3k
D7 BB AL S R BRI e R AT T IHA
PRVT ARTE % 8 ST AT 2 R EE M A 0 R
254 A HEAT FT SE AR 0T B9 BRI SR 20

RSB E SR B AL R o407 7 vk Rl T
RS R 3 ok B AR A R e kAT AT S
SIRTBIA RO . TS, % I 4L R R S 4
1 IR A P B HEAT 40T , 57 AR E 9 T S VAR A
X T 2H AR EWIS e w5 75 1 0 ok 35, HL 5 st
B i b I 2 I 1) 17728 A, 4 T R0 40 7 3 2 1 B 4
BRIE AL AT R ACE N
Sk B 7E {3 b A A8 R R B 4, 24 B R 1
3 B 5 B (L IR A R k. R, W LR
B AR IR AT S . L, B IR ARG R S 4
H 2 ST R SR PR A SR A T SR PR . GO 3 (Goal
Oriented methodology ) J& 43 # & %% 7 45 Al %¢ 1 14
— R RO, FLAR BE T TSR OB <
VB ) H R 2 OR AS kB 5 AT S
B BRI AT SR GO R H iR EWIS i 45 #y 56
Fo BT, IREE A R AL T T A 3 4
Sy BT B G R R GR AL AT FE MR 1] . UGF 34 2 Z 4R
BRGNP EE T, S5 ZRER%
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Fig.1 Performance degradation simulation data of

main equipment busbar
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Table 1 Parameter estimate for reliability model of

main equipment busbar

- - - %{émﬁl
(BAFKFH0.95)
Mg 0.4470 0.0177 [0.3400,0.5456]
a/ﬁ 0.0050 0.0096 [0.0003,0.0076]
o? 0.2223 0.3716 [0.1290,0.3010]
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Fig.2 GO figure of electronic equipment system
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PRI A 0 230 X 9w R BN

uw.(L,z) = Zp[vj(t)zx"’ (13)

A, O @ SROERA B AR 5p i XAR T4 AR
SRz 2 v 1Y 2 A FER S ASIE GO
KIRREMN®, 71, MARLEMN U RBE LN

ko ky k

Z 2 ( li[pi,ji(t)zﬁ(rm»xi._/zm.,x,,,,‘,,) )
i=0

(14)
UGF-GO L 1E i3 BAR B 5 GO & & 73 #r
i AR S A A 07 ik 2R, (A e X o
UGF Mty GO 355y B, T3t 3. AR
B RHL EWIS i 7 f R G RS R 58 il 5t
W] UGF-GO kAR, REA 1 A
BAEAT 4 D UIREBRARAT 1 A sl TR AR AT, 2l
TR PR S AR B U 6 2 s o
R2 BTRSRFREFEE

Table 2 Operator data of electronic equipment system

\ IR 1 2
B AR 5 Yy
Pio Pi

1 5 0.01 0.99
2 1 0.05 0.95
3 1 0.10 0.90
4 1 0.05 0.95
5 1 0.10 0.90

#it UGF-GO ¥ , & #AEAT u BT KR
[t (2) =0.99z" +0.012
(z) =0.95z" +0.052°
[ (z) = 0.90z' +0.102° (15)
|:| 1 0
%(Z) =0.95z +0.05z
Ld (2) = 0.90z' + 0. 102°
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TLWRGE U R £l
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[ uw g, R4 GO K55 3.5 KitH It
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v, IE A E ST RE v R, (2) Z
AE S, W 7RG RS B EEEA &
SChy
E(u(2)) = (1 —=v)u;(z2) +vd (17)
MG w R BOH AN ATIE 5
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® (u,(2),us(2)))) =£(B(® (0. 95z +
0.05z°,0.9z' +0. 1z0),%(u4(z),u5(z)))) =
f<§2<°~ 95 x0.9z"""" +0.95 x
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0.969 185z' +0. 0308152’
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AR 3 JN , P AR I ERAEAT I i AR
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Table 3 Reliability result comparison of

electronic equipment system

. ME A U5 UGF-GO i
i 55
Pio Pina Pio Pia
P, s 0.846450 0.153550 0.855000 0.145000
P, s 0.846450 0.153550 0.855000 0.145000

P, (RIEIE)  0.976422 0.023577 0.978975 0.021025
P, (BIEJG) 0.969185 0.030814 0.969185 0.030815
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Fig.3 Design scheme of an aircraft’ s EWIS
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Table 4 Comparison of parameter estimate between

two-step algorithm and MCMC algorithm

— Sk MCMC 33
L% - - ’
Kp Tp o’ Mg Tp o
FiH 0.4414 0.0119 0.2786 0.4470 0.0050 0.2223
IR & 0.4311 0.0141 0.3197 0.4219 0.0051 0.2217

PaTm v 0.4739 0.0055 0.2070 0.4641 0.0045 0.2010
Eihi s 0.4998 0.0051 0.2248 0.4793 0.0050 0.2189
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Fig.4 Degraded reliability curve of four kinds of busbar
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UGF-GO : RGAERZUBE g S mQ I A FEPE R u
u (t,z) =@, (u,(t,2),,u,(t,2)) =

B(® (uy(1,2) yu;(1,2))

E(®(®(u,(1,5),u,(1,2))

® (1, (1,2) 11, (1,2)))) By (1) sy, (£,2))

Q (£ (B (up(1,2) uy(1,2))) u5(t,2)))

(20)

RS h & W ARE MR ARK(20) it
AR GERE I ) A2 AL T AR
u, (t,z) = (1.999928R, (t)R,(t)R,(t)R, (1) —

0.999959R, ()R (1) R, ()R, (t))z" +

(1 = (1.999928R, (t)R, ()R, ()R, (1) -

0.999959R, ()R (t)R, ()R, (1)))z (21)

KBS ML A ALK B RS GO |
Fig.5 GO figure of an aircraft’ s EWIS

x5 REVBESERERAGREFRE
Table 5 Operator data of an aircraft’ s EWIS

s A 2 i R

Pio Pia Pip2
1 5 HL R 0.999984 - 0.000016
2~6 1 3 4 4 0.999995 - 0.000005
7 1 F RIS - R (1) 1-R, (1)
8,9 1 LT BRI I & - Ry(1) 1-R,(1)
10 2 5] - - -
11 1 A 06 T B 25 4 - Ry (1) 1-Ry(1)
12 1 P S A3 L T 26 0.999995 - 0.000005
13 1 SRR L TT 0.999989 -  0.000011
14 2 e - - -
15 1 R A LI AR - Ry(t) 1-R, (1)
16 10 517 - - _
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Fig.6  System reliability curves under

different thresholds
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Table 6 Comparison of system reliability results

under different thresholds

i i) / 255 BB

(10°h) 5mQ 10 mQ 15 mQ 20 mQ
0.5 0.99986923 0.99986923 0.99991111 0.99995299
1.0 0.98313170 0.98320129 0.99153216 0.99993362
1.5 0.80730025 0.81491050 0.90086899 0.995 894 56
2.0 0.41037610 0.45576056 0.65060832 0.92875782
2.5 0.11105374 0.16157630 0.32886411 0.66935315
3.0 0.01738546 0.03712748 0.10702791 0.30853088
3.5 0.00189051 0.00587375 0.02263882 0.08725526

4% @
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Degradation system reliability analysis of EWIS based on
UGF-GO methodology
CAO Hui', DUAN Fuhai" ", JIANG Xiuhong’

(1. School of Mechanical Engineering, Dalian University of Technology, Dalian 116024, China;

2. College of Electronic and Information Engineering, Shenyang Aerospace University, Shenyang 110136, China)

Abstract: In view of several problems of electrical wiring interconnection system (EWIS) , such as con-
dition difference, ageing phenomenon and modelling difficulty, a UGF-GO methodology based EWIS degrada-
tion reliability analysis method is proposed by combining traditional GO methodology and universal generating
function (UGF). In this paper, based on the difference of performance and environment of system compo-
nents, using Wiener degradation process model with random parameters, the component reliability simulation
model has been built. Markov chain Monte Carlo (MCMC) algorithm is used to estimate parameters in the
model. The simulation test show that MCMC algorithm improves the estimation accuracy compared to the pa-
rameter estimation values of traditional two-step method. In analyzing the reliability of a degenerate system,
the UGF-GO methodology works for calculating the EWIS reliability. Finally, the EWIS of an aircraft is taken
as an example, and combined with the reliability calculation result of components, the reliability level of EWIS
is evaluated under different thresholds. The results show that UGF-GO methodology can effectively solve the
reliability analysis problem of the deteriorating system.

Keywords: electrical wiring interconnection system ( EWIS); system reliability; Wiener process;

Markov chain Monte Carlo (MCMC) ; UGF-GO methodology
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Fig.3 Comparison of pressure coefficient distribution on
upper wing surface of NLF(2)-0415 infinite spanwise

backswept wing between experiment and simulation
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4

# ':j_u);g’- i
I A S
0 0.03 0.06 0.09 0.12 0.15

xle
P12 X5y W SR g3 A s e A 5 2R
X H(Re =10 x 10°)
Fig. 12 Comparison of optimization results between uniform

suction and distributed suction (Re =10 x 10°)



AL LF 4R

ﬂ
5% 6 1 TR S ETRERA MR R P 1169

£S5 Re=10x10° T EREEWRUERITEE

Table 5 Comparison of optimization results for power

consumption at Re =10 x 10° kW
THHFET) B A R
W, edras 22.88 22.88
Wirus -0.442 -0.197
W s 0.931 0.250
W, 23.327 22.935

th, % IR DAR I IR S50 Al X5 TS A CF 4 3h 78
FEEARORT o LRI B BB AR BIE .
T E A SFATIR A Z S, BT L 3 o A
WA KW B,

3.2 FiEHA20 xIO“E’Jﬁ{{iﬁﬁéE%

Xt B R L, RS s # 20 x 10°, 7E
TR DL AT S 0 5 A BE 25 % 1 UL
BAREA ZEEHR T IRAZEREH SR S
JNEAR . FrLh AR SCHF R Tz St 8T IR A 2 0
BLEL A0 AL LA S W S B 8T AR 9 o W) s g 7Y
T FCIR AT Re = 10 x 10° A [a], 2% B 9 [ 4%
JZ UL BRSO BE 45 BH T = LA 1] 14 B

Wit TR B 3O, AT AR P B T CF R

8
N, =6.49
6
sy
— A
Pl
-
2 \
0 0.2 0.4 0.6
ale
(a) b3 CF i RINT
8
N, =6.49
6
i 4
-

[ ]

BEms
A

1 1

0 0.2 0.4 0.6

xle

(¢) FRUCFIHCKAT

BRI . PLIE T R IR AL EAE o/ =
0.05, FRMAEF & /¢ =0. 01 Jb H &£ kA&
B4R
Dok Ja By EE 2B ) == L WL B 15 #H L 90 4
R BY, ¥y 57 W SOKE R B T R B AR A R R )
x/c=0.09, | 3 [ Pt & HER B x/c =0.53,
EEEARR XY R T 52% 554K, T 3 I 2 i
XY JET 4% 55K ALSS R F 2 B3 w2
X ARG O S AT TR A 2 A
TR A RZ R, A 20 x 10°F #5T E
iof R B R ARAR MEHE R B FL R . IR IR
AR 70 A7 N AR g 45 258 (15 (b)) R
EE AR AL E N a/c = 0. 53,1 F I Y AR AL
BN a/c=0.23, FEMZMXEET 52% %
KO FEmHET 18% %K., HELWAWS, %
JE A FE 1Y 43 A AR T R3] 1S
ZX
e ZAR AR TG B 1 T 3 AR RN R 1 ) 43 AR
FoULIEL 16, AH P ) 46 38 58, 04k 5 i) 35 30 4% 3
SR A Y EE R RS R M EAEAS . REm
g

N, =649
b -
B
—_—
4+
1 1
0 0.2 0.4 (1K)
xlc
(b) R mTSHECRAT
8
N, =6.49
6+
: 4
2 L
HEIE S
e
1 1
0 0.2 0.4 0.6

xle

(d) FRMmTSYHRAT

Bl 13 B 5] W AR A AR D7 4 3 il 2% 1 48 AR 45 SR X e (Re =10 x 10°)

Fig. 13 Comparison of amplification factor perturbation curve optimization results between uniform

suction and distributed suction (Re =10 x 10°)



1170 b5 M = MK k% F M

Bl 14 W RLE Re =20 x 10VRE T
bR H R EE ) = A

Fig. 14  Upper and lower wing surface frictional drag

contour of original configuration at Re =20 x 10°

(a) B2l

(b 23 A

Pl 1S S AR 3 A AR AL 45 A Re =20 x 10°
KRBT BT I ) PE R ) = 8

Fig. 15 Upper and lower wing surface frictional drag

contour optimization results of uniform suction and

distributed suction at Re =20 x 10°

J 3 2 A W L A B, BT ok B8 XS 45 6 i i 14 B
BRI, 2 )0 5 B8 BB 2R )
PRI o P2 A G0 DX S8R 4 e, DA R 22 ) 3 T
B A I 0 A RO 0 Y R, T R, A
RO T e 4R o A8 1) R ) DX I i — B
YT S A A, AT USR] TS B Bl
US98 FEdw /I Dy H AR 149 23 A X e 46 2R
ABH 3 f5e /N g H AR B 249 53 WSO D8 A 45 SR A B
EA EE 2 23 W, A 0 OR300 1 ) 43 A
S P UAE (BB /AN TP DX 49 T s JBE /D, Js g 0k 52
B 3 i g A 2R D Al 45 2R TE &

2019 4
0.10
0.08 |-
0.06
0.04
0.02
20
-0.02
-0.04
-0.06 [ — i
Hpapmg =,
-0.08 7 SIS
0104 ufz o.lz 0.16 o_Js 1.0
Xic
(a) LA L

—— ki
HIATRS
pEEE

xle

(b) M7 A AT L

B 16 ) hi Al BRI S0 < oA IR UAE Re =

20 x 10" 4R 25 11t b 50 v 32 780 LA S FE g 43 A % 1
Fig. 16 ~ Comparison of optimized airfoil profile and pressure
distribution among original configuration, uniform suction and

distributed suction at Re =20 x 10°

WA 30T AR IR 0 0 A 52, TR DAy o A A s AR T
14% 155 o 1B 17 45 S R Sh ORI 5 N,
LSRR 1 53 A f 45 R N

P18 25 1 X o W ORI A3 A TR IR
BT ATIEL, AT LU A TS O T 00 o A O B0
PR, oA AR S 1 By U B2 R
TR R o XL N R A 1 il 2 23 A
NEY ST R CF i 10 3l 33 4l 26 {2 A A
4,00 TS WAES 1 B BOF B P8, Z )5 7 Al )
i T B ) AR L2 D a0t s A JEE ) i/ {4 TS i
Pl il 2 AR K T 3 20 W, (I B0 38 21 4% B Y
o me, B3 2 A0 AW 48 1 J2 I XA ]
(o fEE T S0 A B e AR A B B T T
IR ATANTA] oA A I A T 3T AR A T
ZWRR K . A iR & 2 e it
M R R WA 6. M LRI a7, 2 2 IR R
KB T3 /N33 counts (36. 8% ), He v JEE 4% B 77 Dk



AeALF 4R

55 6 3] M7, AT RE LA IR A 2 R AL BT 1171
8 8
N, =649 N_=6.49
6 6
ol i ;
A B
_ T ﬂuU‘R L . e T’Il'.ftuﬁlzt
: 4 & 4}
- = /
2 2 -
1 1 1 I
0 02 0.4 0.6 0 0.2 0.4 0.6
xle xle
(a) ERICFUHCRA T (b) ERMmTSPHCRA T
8
8 - / N, =6.49
s, SIS, 6 F
pis
6 e ISR,
URIEC S
= 4+ =
N,,=6.49
2 2t
0 02 0.4 0.6 0 0.2 04 0.6
xfe xle
(¢) FRmCFICR A T (d) FHRETSPRCKH T
P17 5 W AR 3 A 2 A IO A K PR 4 3 il 28 % HE (Re =20 x 10°)
Fig. 17 Comparison of amplification factor perturbation amplification curve between uniform suction and
distributed suction ( Re =20 x 10%)
s ——— H7 ST AR A SO T 3 3
3 —— AN FEXTEC o H T BH D ) A, 2 A 3 A B 2
5, HWUNT 3.92 kW, S5 S 20 1. 073 kW,
= I £6 Re=20x10°THRMMMLE R b
Table 6 Comparison of force coefficient optimization
0 0.03 0.06 0.09 0.12 0.15 results at Re =20 x 10°
xle

P18 Ay i R A R O 1
ZRON . (Re =20 x 10°%)
Fig. 18 Comparison of streamwise suction coefficient between

uniform suction and distributed suction (Re =20 x10°)

/N11.3 counts(23.9% ) , 22 BH 198/ 21. 7 counts
(51.3% ), FBH L 42 & 38. 49, Hl 58% . 434 20K
S BH 19807 37 counts (41.3% ) , Horh BEHERH 7y /)N
13.1 counts (27. 7% ) , s 7= BH J1 38 /N 23. 9 counts
(56.5% ) ,FrBH EL 3 7 46.32, B 70.3% , 43 A =X
WA ARAS T 2 i B WS L A AR T 0 A R
A5 b 3 ) 2 A R A2 S G2 AL, BN 3 U A
THERKMZERX,

E 21 WG Boms I3 A R
C,/10* 89.6 56.6 52.6
Cp,/10* 47.3 36.0 34.2
C,,/10* 42.3 20.6 18.4
C, -0.360 -0.377 -0.380
L/D 65.85 104. 34 112.17

F7T Re=20x10" THEHERMRIMERILL

Table 7 Comparison of optimized results for power

consumption at Re =20 x 10° kW
EE R ES AR I3 A <
W akedrag 55.47 51.55
Wi -0.883 -0.485
W o 1.863 0.790
Wy 56.447 51.852




1172

b B = R KR

AL HLF W

T
e |5 2019 4

LR/ 4.595 kW (8. 14% ) .

4% B

=

RICHEET RS e 7k iy RANS SR i a , 45 &
REZ MW REIE, #7210l L% I R
FEME REIR A 2 AR BT vk . AT LUk AT A
BH 77 Je /N (35 WA 503 DLW 3 28 0 #E B/
(A W) e B AR IR A 2w ekt
ARCXE 25° 0 PR R K S 3 E AT T A B i
I, FELBWT .

1) 7£ Re =10 x 10°F , 4 5] W < A1 43 #i 28 W
SMACEE R EEARTE 5 o B iR A 8 b B I e 4R AL
EAHER 18% %4, F R #HER 15% %1 . 4R
b 25 5L W R BBH 1 AR 19. 2 counts, Bl 29. 1% ,,
DRI FE E BN THE WK, 0.392 kW,
Bl 1.7% ,

2) 7E Re =20 x 10° N , 43 #ii s W A Ho 194
WS D /N D) 6 1Y) [ B A T BHL T, 3R AR T R
20 X o A L D G i B, b 3 B A A
R 52% 5K FRMEER 18% 55K . A Lsh
H R BB T BEAR 37 counts, B 41.3% , T 3
FEREAR T BH 3 #0158 09 4 A8, B/ 4. 595 kW, |
8.14% ,

3) kgl KR, AT RAFE A B AR IR A
R BT I R AT RE R, AT LB S A
b H R S A 1 R i 24 S B2 S D L 5 I
WS IHE

S Z 3 #k (References)

[ 1] CAMPBELL R L,MICHELLE N L. Natural laminar flow design
for wings with moderate sweep: AIAA.2016-4326[ R]. Reston:
ATAA,2016.

[ 2] SCHRAUF G. Status and perspectives of laminar flow[ J]. The
Aeronautical Journal ,2005,109(1102) :639-644.

[ 3] SCHRAUF G. The need of large-scale HLFC testing in europe
[EB/OL]. (2013) [2018-10-17 . http: // www. aflonext. eu/
files/pdf/schrauf_2013_HLFC_research-needs_v2. pdf.

[ 4 ] BECK N. Drag reduction by laminar flow control[ J]. Energies,
2018, 11(1) :252.

(5] RAsik, W%, R 20 sh B/ sh R LT].
Wi 2 2230 ,2016,37(7) :2065-2090.

ZHU Z Q,JU S J,WU Z C. Laminar flow active/passive control
technology[ J]. Acta Aeronautica et Astronautica Sinica,2016,
37(7) :2065-2090 (in Chinese) .

[ 6] SHIYY,BAIJ Q,HUA J,et al. Numerical analysis and optimi-
zation of boundary layer suction on airfoils[ J]. Chinese Journal
of Aeronautics,2015,28(2) ,357-367.

[ 7] KRISHNAN K S G,BERTRAM O,SEIBEL O. Review of hybrid

laminar flow control systems [ J]. Progress in Aerospace Sci-

[8]

(9]

[10]

[11]

[12]

[13]

[18]

[19]

[20]

[21]

ences,2017,93.24-52.

EAE, ENR, SO, A TR )G ORGSR 5Y
[J]. S286 A J1 %% ,2010,24(3) :54-58.

WANG F,WANG Q,GUO H, et al. Investigation of HLFC on
swept wing based on sublimation technique[ J]. Journal of Ex-
periments in Fluid Mechanics, 2010, 24 (3 ) : 54-58 ( in Chi-
nese) .

RISSE K, STUMPF E. Conceptual aircraft design with hybrid
laminar flow control [ J]. CEAS Aeronautical Journal,2014,5
(3):333-343.

B, R, Rz, 55 B BT E IR ) HLFC A1
FARA BT [T]. 28 %41 ,2017,38 (12) : 121158.

YANG T H,BAI J Q,SHI Y Y, et al. Optimization design for
HLFC wings considering influence of suction distribution[ J].
Acta Aeronautica et Astronautica Sinica, 2017, 38 (12 ).
121158 (in Chinese) .

B—t, R, R R, . R SO BT A A T R
[J]. iS4 ,2018,39(1) .1214438.

YANG Y X,YANG T H,BAI J Q,et al. Problems in optimiza-
tion design of HLFC sweep wing[ J]. Acta Aeronautica et As-
tronautica Sinica,2018,39(1) :121448 (in Chinese) .

XU JK,FU Z Y,BAIJ Q. Study of boundary layer transition on
supercritical natural laminar flow wing at high Reynolds number
through wind tunnel experiment [ J]. Aerospace Science and
Technology,2018 ,80:221-231.

SHI'Y Y,GROSS R,MADER C A, et al. Transition prediction
in a RANS solver based on linear stability theory for complex
three-dimensional configurations ATAA-2018-0819 [ R ]. Re-
ston: AIAA ,2018.

CEBECI T. Stability and yransition: Theory and application
[M]. Berlin: Springer,2004.

BROADHURST M S,SHERWIN S J. The parabolised stability
equations for 3D-flows: Implementation and numerical stability
[J]. Applied Numerical Mathematics, 2008, 58 (7): 1017-
1029.

JUNIPER M P,HANIFI A, THEOFILIS V. Modal stability theo-
rylecture notes from the flow-nordita summer school on ad-
vanced instability methods for complex flows[ J]. Applied Me-
chanics Reviews,2014,66(2) :024804.

SENGUPTA T K,CHATURVEDI V,KUMAR P, et al. Compu-
tation of leading edge contamination[ J]. Computers & Fluids,
2004 ,33(7) :927-951.

SCHRAUF G,PERRAUD ], VITIELLO D, et al. Comparison of
boundary-layer transition predictions using flight test data[ J].
Journal of Aircraft,1998,35(6) :891-897.

LAWSON S, CIARELLA A, WONG P W. Development of ex-
perimental techniques for hybrid laminar flow control in the
ARA transonic wind tunnel[ C] /2018 Applied Aerodynamics
Conference ,2018.

XU J K,BAI J Q,QIAO L, et al. Fully local formulation of a
transition closure model for transitional flow simulations[ J].
AIAA Journal,2016,54(10) :3015-3023.

RIOUAL J L,NALSON P A,HACKENBERG P, et al. Optimum
drag balance for boundary-layer suction[ J]. Journal of Aircraft,

1996,33(2) :435-438.



e R

a5

%6 W R =% A TREWANWIRSZE Rt 1173
[22] PRALITS J O. Optimal design of natural and hybrid laminar AT [T]. s 244 ,2014,35(7) :1836-1844.

[24]

[25]

[26]

flow control on wings[ D ]. Stockholm ; Royal Institute of Tech-
nology,2003.

PRER, FAR 5%, IV 5, 45 2T DFFD $R I3 B3l i fk
B [J]. iz 24 ,2014,35(3) :695-705.

CHEN S,BAI'J Q,SUN Z W, et al. Aerodynamjc optimization
design of airfoil using DFFD technique[ J]. Acta Aeronautica et
Astronautica Sinica,2014,35(3) :695-705 (in Chinese).

B b R, =D S T T IR 4 RS Y 24 TR B/ g B R O
[J]. fiias 274 ,2012,33(9) :1598-1605.

KANG Z L, YAN C. Constrainedleast-squares reconstruction
method for mixed grids[ J]. Acta Aeronautica et Astronautica
Sinica,2012,33(9) :1598-1605 (in Chinese).

R, B, FEE S HIE AU R A
ER SRR T]. RE TR 5 TH0K,2010,35(11)
2376-2383.

TANG Z D,WANG D P,WANG J H, et al. Tterative selection of
unknown weights in direct weight optimization identification
[J]. Systems Engineering and Electronics,2010,35(7) :2376-
2383 (in Chinese) .

Bk RS, £, 55 R SPLT M R i R S

[27]

YANG T H,BAI J Q, WANG D, et al. Aerodynamic optimiza-
tion design for after-body of tail-mounted engine layout consid-
ering interference of engines[ J]. Acta Aeronautica et Astronau-
tica Sinica,2014,35(7) :1836-1844 (in Chinese).

XOPLSC, BT . 3 T 22 4y pE AL Al RBF W )3 18 14 3R A 1 1k
Bk [)]. S22 ,2017 ,49(2) 14414455,

DENG K W, CHEN H X. Hybrid optimization algorithm based
on differentical evolution and RBF response surface[ J]. Chi-
nese Journal of Theoretical and Applied Mechanics, 2017, 49
(2) :441-455(in Chinese) .

EEEN:
BER &, H LRk, BRI R R kR
BIZREAR PATr 2%

B&% 80, EEOTI R AT 8B R 2

SRS
BEE BB R, EEOIR N ATAR RO W

% R



A fu S 4R

1174 b B = R KR 2019 4

Hybrid laminar flow optimization design from energy view
SHI Yayun', GUO Bin®, LIU Qian', BAI Jungiang"*, YANG Tihao', LU Lei'

(1. School of Aeronautics, Northwestern Polytechnical University, Xi’ an 710072, China;
2. Xi’ an Institute of Modern Control Technology, Xi” an 710065, China)

Abstract: For decreasing the drag and lowering the energy consumption for the hybrid laminar flow design
correctly , the optimization system, whose object can be set as minimum energy cost, is built by correlating the
relationship of suction control power consumption and drag. The optimization system includes the free freedom
deformation ( FFD) parameterization, the compact radial basis function ( RBF) dynamic mesh method, the
improved differential evolution ( DE) , and the high-fidelity Reynolds averaged Navier-Stokes ( RANS) solver,
which couples with the e" transition prediction method. For the infinite spanwise wing with 25° sweep angle,
there are two optimizations; one is the uniform suction with minimum drag object; one is the distributed suc-
tion with minimum energy consumption object. At Reynolds number 10 x 10°, the optimization results with
minimum power consumption can obtain the same drag coefficient benefit with 29. 1% decrease. The transition
location is extended by 18% chord on the upper surface, while 15% chord on the lower surface. The power
consumption is reduced by 1.7% . At Reynolds number 20 x 10°, the distributed suction result can get more
benefit than the uniform suction. The drag is reduced by 41.3% compared with the original configuration,
which is improved by 4. 5% compared with uniform suction dirstibution. The transition locations are extended
by 52% chord on the upper surface and 14% chord on the lower surface. The suction power consumption is
reduced by 8.14% . Thus, the optimization results show that the proposed hybrid laminar flow optimization
method from energy view is reliable.

Keywords ; aerodynamic optimization design; laminar transition; active control; hybrid laminar flow con-

trol (HLFC) ; energy consumption
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Table 1 Mechanical properties of materials'**!

HR A ok E/GPa  u o,/MPac,/MPa
M M 2324-T39 424 4 72.4  0.33 417 532
HH 2024-T351 {444 73.1  0.33 324 442
WA A 45 5 200 0.30 375 680

®2 EFREER
Table 2 Results of fatigue tests
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Table 3 Crack growth life of double-lap joints

M»

HOKE  WFEHRW VIREG YIRAEa X

5 gt mEERE REHE N, B
a,/mm S,/ pm cycle cycle %

1 0.05 0.15 0 0 0

2 0.53 0.17 3000 4382 46.1
3 1 0.26 5186 6683 28.9
4 1.02 0.24 5266 6767 28.5
5 1.43 0.35 6656 7937 19.2
6 1.98 0.3 8348 8987 7.6
7 2.61 0.36 10257 9671 5.7
8 3 0.35 11356 10077 11.3
9 3.83 0.42 13512 10600 21.5
10 4.01 1.03 13760 10641 22.7

x4 VEERBRHRGYRES
Table 4 Crack growth life of double-lug joints

pp AHKE RGRE URAG pRGG A
?]f L PEERGEE RN BN s

a,/mm S,/ pm cycle cycle %
1 0.01 0.36 0 0 0
2 0.37 0.4 948 950 0.21
3 2.44 0.3 6826 7451 9.2
4 3.98 0.45 10936 10802 1.2
5 5.5 0.44 14381 13951 3.0
6 6.98 0.32 18250 17 148 6.0
7 8.62 0.34 23220 20748 10.6
8 11.2 0.75 27966 24 695 11.7
9 13.39 1.4 30002 26045 13.2
10 15.41 1.15 31589 26 195 17.1
11 17.85 1.74 33283 26242 21.2

i }1/MPa

rA\‘x T )

(b) Rty o3fii
& 8  RUBY % B A PR oo

Fig.8 Finite element model for double-lap joints
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Fig.7 Crack length versus crack growth life
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Fig. 10 Crack growth simulation of double-lug joints

R AR /N, AT 28 AT FE XS % 4 A R0
WH % 8 H 7 AW 2 a0k a5k
0.05 mm A1 0. 01 mm )2 [ JE BLEL, R L0 I vy 14 1k
FH 174 735 SBUE 47 5 500 ok Xl 43 WA (LB 9 (a)
FE 10(a) ) o KA H A C3D8R LT
UGS H A, A B 64 847 ARG, M1 Ak B Hz
i U B ST AR A . SR R 7S T AR C3DSR R
JCFI R DY T A C3D10 FL G 43 51| A5 40 3 H- 3% 2%
14 B FUJRC A , 43990 A2 1 10 724 i1 6 055 4> LT
MUH 3 4 H 9 b T RN 3R 1 4 it n [ S 25
B R o A e T g o ¥4 A B A 28 A, Bz A R s
] 56 2(b) o Py [l — 350, 0 (8] 0 422 fid g 1
BT ) R R ) A R A i, R 4 R
B E N 0.3,

T A PR e AR R B A it N S5 2K e 9 A
AR (8) A (17) , 358 2L BT 2% 1 Ty o i [
T ARG MG T R LS TR R U S B
Forman #1757 (34 (22) ML (23)) , i+ 55 80
JRAKEE s e P (9) IH R RS R AAE, N
T AR IR — > 28 faf 05 B0 % 17 11 4 80T OB 0k, A
WEE FRS R E R RKE RS K
B My e R RN & T (B 9(b) |
K1 9(c) B 10(b) [ 10(c) K 3 FIE 4 iR,

g—]“v =3.90 x 1077 x (0.61AK)>" -
(1 - 100.78/AK)*’ (22)
1 -7.85 x 10*AK

g—]“v =1.60 x 1077 x (0.63AK)>” -
(1 - 90.35/AK)*? (23)

1 -9.40 x 10™AK

M3 F 4 R T W LU, BUST 34 4 1R
XU 31 189 9% 57 2L 80 Jee A5 i Al S ABL 930
10641 cycles Fil 26 242 cycles , T Il {H5 5 Wt 171 ] 332
(B Fe RAE X 1R 22 4330y 46. 1% F121.2% , B4
A EEZAERE . N 9(b) (& 9(c) [ 10(b) FiI &l
10 (e) T LA MY, AS SO RE AT AR UL 2 S8 i 45
PR LG e #4009 R BURT OB R 5 W T
REOEHW) 5 R

5 & it

1) TN g " B AR Bk M2 R T 2R ) 2
W ESL T R IRE A 97 TERE S-N-L il T, K
TR A AR 57 REUE RS Y e T A i 2
W R RAR %

2) FIH SEM 3 #r £0 A, BF 5 1 RUBY 34 45 1F



1182

b B = R KR

AL LF 4R

a5

2019 4¢

AN i 45 B R (908 9 2% LB, 4 O 423t 1
Wy 1 b (% 55 A B H  ROHE T 2 SR R I
53 REOE LA & 75 i

3) MBI R R R A5 T X0 % 12

92 55 BLL0Y 1A o L9 4 4 04 A O i
A (B i, A8 2 5 U 4 4
U RIT.

(1]

[4]

(7]

[10]

[11]

S Z L Hk (References)

ESMAEILI F,CHAKHERLOU T N,ZEHSAZ M. Investigation
of bolt clamping force on the fatigue life of double lap simple
bolted and hybrid ( bolted/bonded) joints via experimental and
numerical analysis[ J]. Engineering Failure Analysis,2014, 45
(8) :406-420.

ESMAEILI F, CHAKHERLOU T N. Investigation on the effect
of tigthening torque on the stress distribution in double lap sim-
ple bolted and hybrid ( bolted-bonded) joints[ J]. Journal of
Solid Mechanics,2015,7(3) :268-280.

JIMENEZ-PENA C,TALEMI R H,ROSSI B, et al. Investiga-
tions on the fretting fatigue failure mechanism of bolted joints in
high strength steel subjected to different levels of pre-tension
[J]. Tribology International ,2016,108(4) :128-140.
ABAZADEH B, CHAKHERLOU T N, ALDERLIESTEN R C.
Effect of interference fitting and/or bolt clamping on the fatigue
behavior of Al alloy 2024-T3 double shear lap joints in different
cyclic load ranges[ J]. International Journal of Mechanical Sci-
ences,2013,72(7) :2-12.

CHAKHERLOU T N, MIRZAJANZADEH M, ABAZADEH B,
et al. An investigation about interference fit effect on improving
fatigue life of a holed single plate in joints[ J]. European Jour-
nal of Mechanics A/Solids,2010,29(4) :675-682.
CHAKHERLOU T N,MIRZAJANZADEH M,VOGWELL J. Ex-
perimental and numerical investigations into the effect of an in-
terference fit on fatigue life of double shear lap joints[ J]. Engi-
neering Failure Analysis,2009,16(7) :2066-2080.
CHAKHERLOU T N, TAGHIZADEH H, AGHDAM A B. Ex-
perimental and numerical comparison of cold expansion and in-
terference fit methods in improving fatigue life of holed plate in
double shear lap joints[ J]. Aerospace Science and Technology,
2013,29(1) :351-362.

GOPALAKRISHNA H D, MURTHY H N N, KRISHNA M, et
al. Cold expansion of holes and resulting fatigue life enhance-
ment and residual stresses in Al 2024 T3 alloy-An experimental
study[ J ]. Engineering Failure Analysis, 2010, 17 (2):361-
368.

CHAKHERLOU T N, VOGWELL J. The effect of cold expan-
sion on improving the fatigue life of fastener holes[ J]. Engi-
neering Failure Analysis,2003,10(1) :13-24.

RALPH W C,JOHNSON W S ,MAKEEV A et al. Fatigue per-
formance of production-quality aircraft fastener holes[ J]. Inter-
national Journal of Fatigue,2007,29(7) :1319-1327.

MUCHA J, WITKOWSKI W. The experimental analysis of the

double joint type change effect on the joint destruction process

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

in uniaxial shearing test[ J]. Thin-Walled Structures,2013,66
(5):3949.

SKORUPA M,MACHNIEWICZ T,SKORUPA A,et al. Fatigue
life predictions for riveted lap joints[ J]. International Journal of
Fatigue,2017 ,94 (1) :41-57.

LIU J H,ZHANG R L,WEIL Y B, et al. A new method for esti-
mating fatigue life of notched specimen [ J]. Theoretical and
Applied Fracture Mechanics,2018,93(1) :137-143.

FAC S8, RBIRTL. 3R X B8 55 280 47 4% ) B0 60 32 e 11 ¢ 55 77 i
fEE [0, b 50 25 AL R K 2 2 4, 2013, 39 (12)
1649-1653.

TIAN B J,XIONG ] J. Fatigue life estimation of riveted joints
subjected to asymmetrical loading[ J]. Journal of Beijing Uni-
versity of Aeronautics and Astronautics,2013,39 (12) :1649-
1653 (in Chinese) .

KT AT TAE BRI, 55 — R0 B ET B S 1R 5 5
3R T R L] db Bt & i K K % % 4R, 2018, 44 (9) .
1933-1940.

ZHANG T Y,HE Y T,CHEN T,et al. A fatigue life analysis
method for multiple riveted joint[ J]. Journal of Beijing Univer-
sity of Aeronautics and Astronautics,2018,44 (9) :1933-1940
(in Chinese) .

HUANG W,WANG T J, GARBATOV Y, et al. DFR based fa-
tigue reliability assessment of riveted lap joint accounting for
correlations[ J ]. International Journal of Fatigue,2013,47(2) .
106-114.

TIAN B J,XIONG J J,LIU J Z. A new approach for evaluating
fatigue lives of multi-fastener mechanical joints based on a
nominal stress concept and minimal datasets[ J]. International
Journal of Fatigue,2015,80(11) :257-265.

DE JESUS A M P,DA SILVA A L L,CORREIA J A F O. Fa-
tigue of riveted and bolted joints made of puddle iron-A numeri-
cal approach [ J]. Journal of Constructional Steel Research,
2014,102(1) :164-177.

SANCHES R F,DE JESUS A M P,CORREIA J A F O,et al. A
probabilistic fatigue approach for riveted joints using Monte
Carlo simulation[ J ]. Journal of Constructional Steel Research,
2015,110(7) :149-162.

MIKKOLA E, MURAKAMI Y, MARQUIS G. Equivalent crack
approach for fatigue life assessment of welded joints[ J]. Engi-
neering Fracture Mechanics,2015,149.144-155.

CORREIA J A F 0,BLASON S,DE JESUS A M P, et al. Fa-
tigue life prediction based on an equivalent initial flaw size ap-
proach and a new normalized fatigue crack growth model[ J].
Engineering Failure Analysis,2016,69(11) :15-28.
MIKKOLA E, MURAKAMI Y, MARQUIS G. Fatigue life as-
sessment of welded joints by the equivalent crack length method
[J]. Procedia Materials Science,2014,3.1822-1827.

WU Y Z,XU Y W,GUO X, et al. Fatigue life prediction based
on equivalent initial flaw size for Al-Li 2297 under spectrum
loading[ J]. International Journal of Fatigue,2017,103 (14) ;
39-47.

R, A, X . % 7 R B0y R T R S 4 5k Y
BRARNL J 58 BE P 3E B [ 0], BLAR 58 B2, 2011,33 (3) .
432-437.



55 6 3]

R, &5 BU0Y 3 4 AF BOUUH- 3 4% B R 82 95 7 i A 3 A9 78 ¢ R TR

e R

1183

[25]

[26]

[27]

[28]

[29]

[30]

[31]

ZHANG L N,WU X R,LIU J Z. Computation of residual stress
intensity factors induced by single overload during fatigue crack
growth[ J]. Journal of Mechanical Strength,2011,33(3) :432-
437 (in Chinese).

S 135S o G U =9 N R iR = T e o A g
L7 LY R A o BO [ 3. A s s R K A
2014,40(2) .148-153.

WANG Y Z,TIAN Z M, HOU L W, et al. Three-dimensional
crack analysis and fatigue life prediction of aero heavy-load face
gear[ J]. Journal of Beijing University of Aeronautics and As-
tronautics, 2014 ,40(2) :148-153 (in Chinese).

KUMAR S A, BHATTACHARYA A,BABU N C M. Fatigue
crack growth life prediction around cold expanded hole using fi-
nite element method[ J]. Procedia Materials Science,2014,5 .
316-325.

BERGARA A, DORADO J I, MEIZOSO A M, et al. Fatigue
crack propagation in complex stress fields: Experimental and
numerical simulations using the extended finite element method
(XFEM ) [ J]. International Journal of Fatigue, 2017, 103
(14):112-121.

NASRI K,ZENASNI M. Fatigue crack growth simulation in coa-
ted materials using X-FEM[ J]. Comptes Rendus Mecanique,
2017,345(4) :271-280.

RRURVL. VAT &S MR 25 5 5 i Bt [ M. AL st e mtfin =
LR R A7 R A ,2004.

XIONG ] J. Fatigue life design for aircraft structure[ M ]. Bei-
jing: Beihang University Press,2004.

BT HURE S Bt T LML JE AT LB Dk R
#t,2015.

ZHAO S B. Fatigue design manual [ M ]. Beijing: China Ma-
chine Press,2015.

FU Y,XIONG J J,SHENOI R A. Practical models for character-
izing corrosion fatigue behaviours of metallic materials and for

evaluating calendar lives of aircraft structural components[ J].

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Proceedings of Institution of Mechanical Engineers Part C-Jour-
nal of Mechanical Engineering Science,2017,231:207-222.
HERTZBERG R W. Deformation and fracture mechanics of en-
gineering materials [ M ]. Hoboken: Wiley Jones and Sons,
1996.

CHANG J,XU J Q,MUTOH Y. A general mixed-mode brittle
fracture criterion for cracked materials [ J]. Engineering Frac-
ture Mechanics,2006,73(9) :1249-1263.

AYGUL M,AL-EMRANI M,BARSOUM Z,et al. An investiga-
tion of distortion-induced fatigue cracking under variable ampli-
tude loading using 3D crack propagation analysis[ J]. Engineer-
ing Failure Analysis,2014,45(10) :151-163.

Federal Aviation Administration. Metallic materials properties
development and standardization[ M ]. Columbia; U. S. Depart-
ment of Transportation,2006 :3-94.

ASTM. Standard practice for; Presentation of constant amplitude
fatigue test results for metallic materials; ASTM E468—90[ S].
West Conshohocken : ASTM International ,2004 :1-6.

XUHE R 5K e, W AR T B 57 W CE B AT I ML bt [ B
Tl Wi, 2010.

LIU X L,ZHANG Z,TAO C H. Fatigue fractography quantita-
tive analysis[ J]. Beijing: National Defense Industry Press,2010
(in Chinese).

HRIGE e, X SCHE , 454 07, 45 RMLGS M T A1 55 240 7 PR ¢
FEFELM. A6 50 5 ol iiAE ,2003.

ZHENG X L,LIU W T,LI L F, et al. Design manual for dura-
bility and damage tolerance of civil aircraft structures[ M ] . Bei-

jing: Aviation Industry Press,2003 (in Chinese).

fEERN
FRi@ Lo WL, EEBRIT LIRSS

FRURT 3 WL Bz, LA, EENR I M L
55



A fu S 4R

1184 b B = R KR 2019 4

Cycle-by-cycle accumulation algorithm for predicting fatigue lives of
double-lap and double-lug joints
CHEN Di', LI Yu', ZHANG Yibo’, SONG Yinggang’, XIONG Junjiang" *

(1. School of Transportation Science and Engineering, Beihang University, Beijing 100083, China;
2. COMAC Shanghai Aircraft Design and Research Institute, Shanghai 200232, China;
3. AECC Beijing Institute of Aeronautical Materials, Beijing 100095, China)

Abstract: This paper aims to investigate the failure mechanics of complex joints and evaluate the crack
initiate and growth lifetimes of complex joints. Fatigue tests were respectively carried out on double-lap and
double-lug joints, failure modes and mechanisms were investigated through scanning electron microscope
(SEM) analysis, and fatigue lifetime for crack initiation and growth was determined from fractographic quanti-
tatively interpreted data by using reverse inference method. From the stress severity factor method, fatigue
S-N-L (stress-life-stress severity factor) surface model was developed to characterize fatigue characteristics of
complex joints for predicting fatigue crack initiation life. Based on fracture mechanics, the formulations were
crafted to predict the length and angle of crack growth, and the cycle-by-cycle accumulation algorithm was
presented to assess the lifetime of crack growth of joint. Finally, the proposed model and algorithm were used
to respectively simulate the lifetime of fatigue crack initiation and propagation for double-lap and double-lug
joints, which demonstrates the good agreement between the prediction results and the fracture interpretation re-
sults. The proposed model and algorithm provide theoretical basis for determining fatigue lifetime of complex
joints.

Keywords: fatigue; crack; life; joints; scanning electron microscope (SEM)
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FIURIE 5 1) i A 25 A R B B BT X R R
HIL ) B 7R A AR A
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Table 1 Parameters of radar detector

ZH HE
pP/W 2000
B,/MHz 2
F,/dB 3
Py, 10 ¢
A/cm 6
G, =G,/dB 45
L, 1
6,/dB 10
Af/MHz 3
Af,/MHz 6

R2 AMRNRESY

Table 2 Parameters of infrared detector

ZH Bl
C 6
K 100
Py, 10°¢
T 0.5
Tk 2

K3 HERMUF[ANBEEFTLSH

Table 3 Parameters of RF detector and airborne radar

25 B
G,/dB 1
Py, 10°°¢
o/dB 2
T/s 2
F, 3
P /W 1500
Gy 2
By;/MHz 2
B/MHz 3
L, 1

5.2 BRMSBERTHBME
1) HLTE IR I R
X HL AN 2 R 0 I R DA K M TR RN R
AT IR S R T 5, 7E B R L S



1190 b m L = i K ORI 2019 4
PLEC A YU 00T, Bl B2 AT 40 2 R AL f i e

HURE B P 3 Ca) B Oy T B 84 0
A TR [T 2 2 T B RBL AR b L3 i i
AR Y0 L A AT SO A, D o A A R
miE 3(h) Fir

P8 3 Ca) 1080 4 T4 0 3R 25 1 1 0L F
B RO A T R A K 5 7 ik
B I B OBL T AR 0 B K SR A
Ao FEBEBE 80 km 4b, TARIIE P, =10 W Al P, =
100 W §RHE 42 51 0. 723 A 0. 051, 4 2
0. 672, 4 W1 92 1t T T4 W ARG B L g P
4 W FE AL HE 3 (b) T E R A 8
W BEE T IR IE O, BB LR U
FEA

2) HLT AR 7

0 B KWL S A ff T4 58 i s
SNSRI 1, KT ILLIMEALE . HIL T, S0 ~
700 W/Sr A5k, B & TCHL S 20 A HR I 5 1 26 B
5 340 ~ 40 km , B BE 25 A 21 41 B O 3 I 0
B 25 P4 (a) 7% A 7 8 0 o

fo g
140 04

0.7

0.6
r:% 100 0.5
H 04
= 80

0.3
02
0.1

0 20 40 60 80 100 120
THFW
(a) R THL 3 AR 21

0.8

0.7 F

A
=
[+,

05}

0_4 i ' " ' " e " L " 1 i
0 20 40 60 80 100 120
THRIZW
(b A P e R

IR e B v 3 e O B v K O U A Ty
Fig.3 Susceptibility analysis of stealth aircraft for

single radar detector

120 0.8
0.7
0.6

0.5

100

0.4
0.3
0.2
0.1

60 5

40 100 200 300 400 500 600 700

LLHMREGREE (W-Sr)
(a) A2 S e e T iUt 1

0.8

06 F

204+

flRk

02k

100 200 300 400 500 600 700
ZLAMESTHRIE/(W-Sr)
(b) e~ ied it o Atk

B4 LT AN AR T B S LU )
Fig.4 Susceptibility analysis of stealth aircraft for

single infrared detector

FEHARTE 1, BB O SR A g 1, X
FCHEAT HURAE S, D5 LA R IA] 4 (b) PR o

HIIE 4 (a) AT LI M B BB KL 20 MR
00 5 S R A /N B B RO R R R 2
T B A (W] B, B B ML LT A S e B ),
JEPERE /N, EFE B 80 km AL, 1, =100 W/Sr Fll, =
500 W/Sr [ UM 43 312 0. 093 F1 0. 588, fif 2%
HH 22 0,495, K Uk /) 21 S S 5 5 BB AT R AR
Bo B RMLAY R . P 4 (D) TR TR AN I B
TR B A L1 A1 IR R R A R B B RL A
JE M AR K

3) SRR A

TE B R K B B LR 35 & 5 20
HM 0 ~ 1500 W A 4k, S it S 49 B B AT S B B
KB BBURAE A S AP S (a) L (b) B R o Ho il
o S it Ty 564 0 LB TR SR AT SR B, Tk
f1 6 S5 ) AR A 5 R H AR 22 IR B 2SR RCS
EFEAT AR A, TP S (d) s o e S0 2 24
PRI T, 9 — 2D St 9E B I o) 4 42, A R S
BEF ISR 4000 1s 15 0.2, 40P 5(e) TR .



e AR

%614 BRI, 45« B2 B CHLUR S B R AL A 4 AT 1191
. b MR S T, 75 o 52 MG A B B B B
BRI/ L R P R K 7 S T
250 PRI L WA LR KR IR I Ak 92 0
o IR ) RE 0, 0 — B MR A T B, B
= LSRR 2 I B B A /N L T R A T R ok
= 150 TN R B A5 /N, 75 AR5 7 i A P RE 19 AT
- T 2 WA T I ROWL A O
4 5.3 RMBEAEHRNESE
s 25 50 L7 150 Jo T HRIELLAN T S 8 AL R M R
RS I ML A SO, PRI ML RCS (1 k4%
(a) BFAmEa B i U 2 B SRS RCS, HLEL T 1A T2 1000 W, 21 4 4 51 35
300 § i 400 W/Sr, 4 BN LLF 4 F T BEHEAT 07 204047
- DA S AT o T Bt 5 @ 52 L T X4 5 B 52 iy T
AR NS MOE S RSO WA N A=Y
§ 20 Wakr. FCrb T T B OB LR T 4
B T HRIIE PO ~ 140 W AE {5 21 5h a2 T B
el S LT AN S SR E T, A 50 ~ 400 W/Sr 72
e T S B T B M S G B R 4 R 0 B B
50 B,

RCS/dB
(b) DB F T Uk =

Hi 8 /km

RCS/dB
() BEER B ul A F A a1

500

200

900

WA hEIW

600

300

0

50 100 150 200 250 300 350
HiE/km
(d) DAl
BIS SR A T B B LA o)
Fig.5 Susceptibility analysis of stealth aircraft for

single RF detector

300 TR .
250 ,
200 :
150
100
50
0 2 4 6 8§ 10 12

i3 ELAT A 7E R SE AR AT T B TR R,
B B RALBUSME R 0.8,

St A W) T B R B 5 L O A 6
TR o

XF 4 P BT BB HEAT A 0T, 2 T T R
3 100 W (21 A1 4 S 5 3 ok 100 W/Sr i), FBE 1 ~
FB 4 T CHLBUEAE 530 4 0.8000,0.779 0,
0.6970F10.599 0, F B 4 5 FB 1| MR
0.201 ; X B AR BB AT 0 0T, FB 2 ~ TR 4
0 R B IR 4951k 0. 7734 0. 6748 F10.5038,
e N N 0 S i ol e o 3 R e U
G R A SR AIK B B LI SR

FEFUEE T 5 — T B (L AR AR A% R AN L
JRE L H S F B LA 5 S5 R H 7R USRS 5
(B AF ) B, SO PR AR /D 5 B — TF B B ST
B AR SR, S8R A B — 8 U, WA
BARFB T WML X P S Bk T 2T i K
2% N AR IR AT, i 2R T B
G MR, BRI A2 R LS B 1R A v/E 1 4R T X
FRURR PR SR AT U AR, S IR SRR, AT AT PR SR L 2K
5 H o

BEAN 5 BLA5 S R R UM S T I S 8
AR PR A 1 2 3R A 228 InfE AR E T, 20K B
BAEREMLE 0.5 LT, Rl FHR R P, =
100 W, ZL A1 g 45f 58 & 1, <200 W /S, [m] i 52 it —
FE AT 19T 3 RN B B R] A AR BT



e AR

U [ M5
1192 PSS R e 2019 4
0.80 B8 AT DA A% R AR B B AL Y BB [m) I A
B[R A T BT BUSHE R RRARRE B2, Sy LA
ST R BT R T — Rl A T B R T U
RBiF PERIBIE ST IT ¥ o
" v N
= 3) FEXT BB CHLEBURE BT R ik, AN g
= . - .
sl WA RS R, T R 25 B0 T B O 2
e WA BRI | LA 52 B A% 5 - 2% 1 Lo o5 R Ak, 38 Jm
B A IR B SO F W AT K v N B & S B AL
o0 40 @ 8 10 120 10 P e
Bl 4) WRREUR I B S0 5000 40 B 5 i
(a) 56T BL2F HURAE FUL 32 AR ALl A0 FG Al H 7 X T T LR AR
A B RALBURE  AH T B 18 RCR IF A 2 1 S
- S L L R ST
120 )
0.74 PN : ( Ref
100 [ 0.71 2 % 3L ik (References)
% 80 b 0.68 [ 1] BALL R E. The fundamentals of aircraft combat survivability
3 0.65 Analysis and design [ M].2nd ed. Reston; ATAA,2015.
= 60
= = 0.62 [ 2] DAVID H H,RONALD M D,MICHAEL S R. Unmanned aerial
0.59
40 6% system survivability; ATAA-2009-2401 [ R ]. Reston: AIAA,
20 053 2009.
5 0.50 [ 3] DANIELLE S S,DIMITRI N M. Methodology for assessing sur-
50 100 150 200 250 300 350 400 vivability tradeoffs in the preliminary design process:2000-01-
LLHME SR/ (WS ) 5589 R]. Reston: AIAA,2000.
(b)) Sehfi T-BE3 )5 il < [ 4] BALL R E,ATKINSON D B. A history of the survivability de-
- R sign of military aircraft; A95-30798[ R]. Reston: ATAA,1995.
0.80
G [5] ®hRHE, MRk, 22, 55 3 T I8 M (8 DX 1) iy 2 JEHL
10 : ORI (1), K3 S35 2017 ,42(7) :76-80.
100 HAN X M,SHANG B L,SHEN A W, et al. Evaluation method
.ﬁ%l_ sl of bomber susceptivity based on attribute value within interval
2 numbers[ J]. Fire Control & Command Control,2017,42(7) .
— 60 76-80 (in Chinese) .
40 E [ 6 ] SEOW Y W. Survivability enhancement in a combat environ-
ment[ D]. Monterey, CA ; Naval Postgradnate School ,2004.
20
[ 7] PATERSON J. Survivability benefits from the use of standoff
0 i . R .
SO 100 150 200 250 300 350 400 weapons- by stealth aircraft;1999-01-5503[ R]. New York:SAE
LM ORI (W-ST) Interna:;onal ,1999.
FEaE 8 , NEER : S 4 T R
R 8] b AR AT BLAR T BT R AT B G
AAF BT[] AL AT BE TR 2 24 41,2013 ,33(4) :375-379.
E6 AT &Y LIRS 57 YANG Z,LI S L,ZHOU L. Study of aircraft survivability under
Fig. 6 Susceptibility analysis of stealth aircraft for the conditions of self-defense jamming and chaff jamming[ J].
. Transactions on Beijing Institute of Technology,2013,33(4) .
different methods
375-379 (in Chinese) .
[ 9] spbeis RER, £, BA 0T X Pl aeny CHLEA I IF
6 2:5 -L/b\ fMiork (1] R LM 5 5Lk ,2005,25(6) :71-75.

1) RGN &, #1735 F1F 55 5
A BERR M 1 S AL  x F AS AN AR TR
SEHUBME S B AT ER, 7E B 2% R 2 A R
G AEFAE 43 0% A [a) B B A BLFD T4 B R Y
B B R AT T 40T

2) i EFRW] IR B S A B AT 48 T By 4l

GUO X H,SONG B F,WANG X. Evaluation of survivability to
an aircraft with electrontic countermeasures system[ J]. Systems
Engineering-Theory & Practice,2005,25(6) :71-75 (in Chi-
nese) .

[10] fioh, REH,#, 5. KT Agent BIS (1 K ML B M EAL
Jrik [T fias 2441 ,2014,35(2) 444453,
SHI S,SONG B F,PEI Y, et al. Assessment method of aircraft

susceptibility based on agent theory [ J]. Acta Aeronautica et



55 6 3]

BRHR 4 (RSB TRHLIUR I R R N 3R A B

e R

T
e |5 1193

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Astronautica Sinica,2014,35(2) :444-453 (in Chinese) .

A RS, R, . B EE SRR T LB PEAG U7 1
W [T]. PadL Tolk K2 2% 4 ,2015,33(5) :811-818.

SHI S,SONG B F,PEI Y, et al. An assessment of aircraft sus-
ceptibility under the support of data link[ J]. Journal of North-
western Polytechnical University, 2015,33 (5):811-818 ( in
Chinese) .

RUETr, 1 I, A5 AN RIPLER A T4 T L
SRR BRI [ ] fii 2 2441 ,2015,36 (11) :3630-3639.

SONG H F,XIAO M Q,WU H,et al. Genetic model of aircraft
susceptibility to different airborne electronic counter measure
[J]. Acta Aeronautica et Astronautica Sinica,2015,36 (11) .
3630-3639 (in Chinese) .

HUANG J, WU Z, XIANG J W, et al. Assessment of aircraft
combat survivability enhanced by combined radar stealth and
onboard electronic attack[ J]. Transactions of Nanjing Universi-
ty of Aeronautics and Astronautics,2000,17(2) :150-156.

LI X R,JILKOV V P. Survey of maneuvering target tracking
Part I;: Dynamic models[ J]. IEEE Transactions on Aerospace
and Electronic System,2003,39(4) :1333-1364.

K% RS ER VA SR B Bt [ M. Jbt = By
TColl ) fi AL ,2002.

ZHANG K,MA D L. Military aircraft survivability and stealth
design[ M ]. Beijing: National Defence Industry Press,2002 ( in
Chinese) .

AT 2, AR, AR A . i BT o L L A 2 A D A
(3] RO 28 i KoK 2% 241 ,2010,36 (4) :459-462.
ZHENG J A,MA D L,ZHAO ] J. Beyoud visual range intercep-
tion effectiveness evaluation of formation fighter[ J]. Journal of
Beijing University of Aeronautics and Astronautics, 2010, 36
(4):459-462(in Chinese) .

BARTON D K. Radar system analysis and modeling[ M ]. Bei-
jing: Publishing House of Electonics Industry,2007.

DE MARTINO A. Introduction to modern EW systems [ M ].
Boston ; Artech House,2012.

B, H AR, AHES. A R T LLA0 R H AR R DU A A A 5

[I]. db s i as i K K 24244 ,2011,37(11) :1429-1434.
MAO X,CHANG L,DIAO W H. Estimation for detection proba-
bility of infrared point target under complex backgrounds|[ J].
Journal of Beijing University of Aeronautics and Astronautics,
2011,37(11) :1429-1434 (in Chinese).
[20] BTPGE, XSSO, 204 R G B MR350 (] 40 4h
506 T/ ,2011,40(10) :1856-1861.
JIA Q L,DENG W Y. Detection probability calculation of infra-
red warning system[ J]. Infrared and Lazer Engineering, 2011,
40(10) :1856-1861 (in Chinese).
[21] Xpzam, BB, 2%, 55 B T AR & & IS IR EDIRE T
B T A e SRR 7k [T ] AL AR 4R, 2015,43 (10)
2047-2052.
LIU H Q,WEI X Z,LI F,et al. The real time control method of
radar single radiation power based on RF stealth at the tracking
[J]. Acta Electronica Sinica,2015,43 (10) :2047-2052 ( in
Chinese) .
MAHA F Z A B R. Radar systems analysis and design using
MATLAB[ M]. Boca Raton;Chapman & Hall/CRC,2000.
LYNCH D L. Introduction to RF stealth [ M ]. Bellingham
SPIE,2003 :2-6.
[24] 245 3T 15 WA E 1 I 3 10 B0 05 0 LR BT S [T ]
=T A3k ,2017,36(1) :55-58.
YUAN X P. Study on simulating technology of battlefield elec-
tromagnetic environment based on warfare scenario[ J]. Ord-

nance Industry Automation,2017,36(1) :55-58 (in Chinese).
EEE I
BRIR JOMEWIR A, EEMR W AT S T

ks,

EAAA B ML, B, EEOS I AT 8 A A A

BB, WL AERIW . BRI T S



AL HLF W

1194 b5 M = MK k% F M

2019 4¢

Combination analysis of susceptibility influencing
factors of stealth aircraft
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(1. Aeronautics Engineering College, Air Force Engineering University, Xi’ an 710038, China;
2. School of Aeronautics, Northwestern Polytechnical University, Xi” an 710072, China;
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Abstract: For the assessment of stealth aircraft susceptibilily under the influence of multiple factors, the

combined analysis of the factors in typical combat scenarios is conducted. Firstly, the susceptibility model

based on task cycle is established. Secondly, the susceptibility parameters such as radar, infrared, radio fre-

quency (RF) and electronic jamming are analyzed and the calculation models of different factors are estab-

lished. Finally, the simulation of influencing factors under different stealth configurations are carried out. The

results indicate that the combination of multiple methods can effectively reduce the susceptibility of stealth air-

craft, and then the influence degree of susceptibility under multi-factor coupling is analyzed within a certain

parameter range. The proposed results are valuable for both susceptibility reduction of aircraft in service and

design of new aircraft susceptibility scheme.
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Acquisition and analysis of aluminum alloy property in thermal
environment based on biaxial tension

FANG Taotao, LI Xiaoxing” , XIAO Rui

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

Abstract: When sheet metal is forming, it usually bears complex loads. However, uniaxial tension test is
usually used to obtain material properties, because the material only bears unidirectional load when deforming,
which is far from the actual situation. In order to obtain more real material properties under complex loading,
mechanical properties and deformation behavior of AA6016 aluminum alloy material under different stretching
rates in thermal environment were studied using biaxial tensile test, including optimized design of cruciform
specimen, relevant test method and equipment, analysis of test results, etc. The biaxial tensile tests and uni-
axial tensile test were carried out under different temperatures of 25°C , 150°C and 250°C and different stretc-
hing rate of 1 = 1,3 2,2 3,1 :3and3 : 1. The stress-strain relationship, yield criterion and anisot-
ropy at different tension rate ratios and different temperatures were obtained. Further by comparison with the
test results, the several typic yield criteria and their suitability were discussed.

Keywords: thermal environment; cruciform specimen; optimized design; biaxial tension; yield criterion
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Liquid morphology at edge of vertical rotating disc
TAN Wenlong, FAN Weijun, SHI Qiang, XU Hanqing, ZHANG Rongchun”

(School of Energy and Power Engineering, Beihang University, Beijing 100083, China)

Abstract: For finding how the gravity affects the liquid on the rotating disc, the liquid morphology at the
edge of the vertical rotating disc was experimentally studied by high-speed photography. The results show that
there are three liquid morphologies at the edge of the vertical rotating disc: column, film and column film en-
tanglement, which is different with the three morphologies at the horizontal rotating disc edge: direct drop),
column and film. The liquid morphology at the bottom of the vertical disc does not match the top one, and the
film morphology does not occur at the bottom. When the mass flow rate is less than 24 g/s, the liquid shows
column morphology at the bottom, and when the mass flow rate is greater than or equal to 30 g/s, the liquid
shows column film entanglement morphology. When the mass flow rate is between 12 g/s and 21 g/s and the
rotating speed is between 1 000 r/min and 2 100 r/min, the liquid film morphology appears at the top of the
disc. The liquid morphology is column when the mass flow rate is less than 12 g/s; if the mass flow rate is
greater than 12 g/s, it will be replaced by column film entanglement. Due to the influence of gravity, the liq-
uid morphology at the vertical disc edge changes much more than the horizontal disc; when the mass flow rate
is large enough, the rotating speed required to form the liquid column at the bottom of the disc is greatly in-
creased.

Keywords: rotating atomizer; vertical rotating disc; liquid morphology; high-speed photography; atomi-

zation
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Experimental study on a liquid nitrogen temperature region
loop heat pipe with flat evaporator

ZHANG Chang'®, XIE Rongjian' , ZHANG Tian"*, LU Depu'?, WU Yinong" ", HONG Fangjun’
(1. Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, Chinas
2. University of Chinese Academy of Sciences, Beijing 100049, China; 3. Institute of Engineering Thermophysics,
School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: The cryogenic loop heat pipe is an efficient deep-hypothermic two-phase heat transfer device,
which will be widely applied to cryogenic thermal control system for space projects such as infrared detection in
the future. Zirconia is used to develop nitrogenous flat evaporator loop heat pipe for capillary wicking materi-
als, effectively reducing the contact thermal resistance between the heat pipe and the heat load and the back
leakage heat of the heat pipe. The experiment focuses on studying the non-assisted start-up characteristics,
heat transfer performance and operation under intermittent thermal load of the heat pipe. The conclusion was
drawn as follows: the flat evaporator loop heat pipe at liquid nitrogen temperature is in a good condition of self-
start performance without assistance, which can be rapidly cooled down from room temperature to liquid nitro-
gen temperature by the diffusion of working fluids. The loop heat pipe can stably run from the liquid nitrogen
temperature of 70 K to 100 K, and the thermal resistance will decrease with the increase of operating tempera-
ture and heat load at the maximum heat transfer power of 15 W and the minimum thermal resistance of 0.5 K/
W. The loop heat pipe can keep the temperature stable and thermal response fast under the condition of inter-
mittent heating of evaporator without secondary cooling. The flat evaporator loop heat pipe at liquid nitrogen
temperature region effectively meets the requirements for the heat transfer of the thermal control system of the
space cryogenic optical system.

Keywords: loop heat pipe; liquid nitrogen temperature region; flat evaporator; heat transfer perform-

ance; intermittent operation
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Table 3 Classification standard of service level
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Fig.9 Current situation of Zhenger Street
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Table 7 Traffic volume at intersection 1 and 2
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Table 8 Basic information of non-motorized lane

connection section of Zhenger Street
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Table 9 Driving velocity and travelling time of non-
motorized lane connection section in

Zhenger Street

EHB KE/m 7R/ (m - s™")  AFREEFEL/ s
1 670 3.62 185
2 670 3.94 170

DR b , AR 48 30 715 3E HL 3l 42 8 B R 55 7K SF 1 55
(9) ,3RIFR S KFE1F45 N

_4.37 x 185 +2.18 x 170
road 7 185 + 170

R A R 55 55 9K o3 A v 1% AR BIL Bl 4 T8 g B
iz 55 K0 C 4o
4.3 HBETENHEBRITHEFE

T T AR AR T AR BB 4l e Uy
S8R5 AR A T A% T2 B 0 W 1 2 AR BIL
2y 4 T8 B B Oy AT 1S M R B, R A R OO An
x 10frR

MFELOF A DL W, R AR 7 R H8 J0 18

1 =3.32

F®10 EEMEEEREFEBIENIERBSAR
Table 10 Main road cross section of Jiaozuo and
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Table 14 Index values after normalization and
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Optimal-design and exploration for non-motor vehicle
system in urban center
ZHANG Jun, ZHENG Nan® , HUANG Chongxuan

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

Abstract; With the recent social and economic development and the expansion of urban size, the demand
for urban transportation has increased substantially, that introducing large amount of bikes and electronically-
driven bikes and the traditional non-motor bike and motor vehicle operation conflict is significant. To this end,
it is necessary to explore the operation characteristics of non-motor vehicle system, design and optimize road
facilities, and establish a safe and efficient green non-motor vehicle system under the new situation. First, for
the main participation mode in non-motor vehicle system, namely the conflict between electric bike and bicy-
cle, and the limitation of sharing non-motor vehicle lane space, it proposes an optimal design for the mixed
traffic flow of non-motor vehicles, recognizing the heterogeneity between electrified and the normal bicycles
and offering detailed infrastructure plan on lane separation. Then, a quantitative approach then is proposed to
evaluate the different plans of infrastructure design, based on a modified version of the analytic hierarchy
process. Finally, a case study is carried out utilizing a real urban region in the city of Jiaozuo in China, analy-
zing its present situation and main problems, designing and evaluating the feasibility and rationality of the im-
provement plan. The comprehensive index value, as defined in this paper, the service quality of the non-mo-
torized carriageway on a trunk road has been greatly improved by optimizing its design, indicating that the im-
provement is evident, especially more sustainable for mixed bicycle flow. This paper aims to provide a refer-
ence for the design of non-motor vehicle lanes.

Keywords : non-motor vehicle system; improvement of cross section; motor and non-motor vehicle sepa-

ration ; analytic hierarchy process; entropy method
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Fig.8 Laser profile sensor scanning and
processing results
1 ERAUENERE
Table 1 Measurement error of cabin

position and pose

2% B/(°)  y/(°) Xo/mm Y./mm Z./mm

2% R 25 BE 0.0078 0.0113 0.0223 0.0222 0.0165
HxfiRZHRME  0.0125 0.0137 0.0281 0.0287 0.0259
FHEMEFEMEZ  0.0014 0.0003 0.0009 0.0121 0.0014
AR 0.0028 0.0005 0.0017 0.0021 0.0028
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Table 2 Each cabin position and pose data before and after adjustment

B = EEEEIVE =) B/(°) /() X¢/mm Y¢/mm Z o/ mm

| i 0.8752 -0.0021 -39.121 266.051 38.033

J& 0.0064 -0.0017 -38.951 266. 109 38.011

) Jin) 0.7811 -0.6315 2888.416 266. 151 38.021

J&5 0.0084 -0.0044 2 888.426 266.176 37.936

) i) 0.6754 0.1245 4278.601 266.165 37.965

G 0.0073 -0.0012 4278.578 266.171 37.986

—44.086 3,-30.586 9-17.491 4] mm

[-33.543 1,-37.692 3,-43.006 9 | mm

holeY
holeZ.

9 i A X AL TR R A B SR
Fig. 9

Image processing results of cabin

docking hole position

KERE, 51 A APT( £ [E H 30 AS % LA A B
SR ASORE AR AL BRI S % K5 B2 AT 30 E , AR AL
S5 5 APT OB R R AR M 25 2R 04T X, an
3 Fn. ATLAAE W, AHBLFL APT 0% IR B e
£ e KR 254 0,015 29° 8 /2 1 Il o5 1) 4G
JEER

R FIARBILAEAT — U 5t 0, K A1 B A 25 5K A
SR R BB R G b AT A 58 e
T, R I g Rk 4 i, T LA
B E A U N A R 22 A & G
SRR EOR . R ML R b, &0t 2R SEK IR IE,
34 il B X BRI A S8 B N 4, X 4 R ) R R
100% o BLAL 2% Z2 506 %o 4 o ) DA JROR F T4 AE

x3 BRILzEXANE

Table 3 Measurement of angle between

cabin holes (°)

hEs S £ API AHAL B
L1 fL2Jf  4.97132 4.97763 0.00631
1 fL2.fL3 Jf  5.01037  4.99533 -0.01504
L1 L3 9/  9.98169  9.97296 —-0.00873
FL1 L2 3/ 5.00119  4.99157 —0.00962
2 fL2.fL3 Jf 5.01804 5.01190 -0.00614
L1 FL3 Sk 10.01920 10.00391 —0.01529

®4 RARWMBEHESHREREXNBEANELNE
Table 4 Relative segment angle measurement of adjacent

cabins before and after posture adjustment

et WA/ 5 Aa/(°)
i 5.7345
P w
J& 0.0003
i 4.6674
2 /3 Hj
J& 0.0012

Uh 4555 2 10 min , B KM 52 & 1 00 K 48 BB B X 4%
R

4 45

T

AR SCER XA B 2l X 2 T H A 8 8 i B
PERE R R, B M T — o Bk T 2 A% B A DU A ) A8 B
) 5 Ko A7 25 8 Ty vk

1) 207 R T OGB4 1845 Fil CCD 1A
AL IR R 2208 B i A7 2 43 S R AT I 4, OF R
FHBCHE 1 o /N — 3 1k 0T B 0 B AV 2 AT SR
V3 SR il 5 B Bt 2 4 ) R G b i AT R R
X%,

2) SLHEE R I M B i R R R
WL TX G K . wIrEASEEm T AR
SR BE RO R E M B TR — B, W
SRR #AE B B s X K

3) ZA% A I it B R XL K g e B B Bl X
BT T A EEE XWER, BA T W
;AT 5
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Multi-sensor measurement based position and pose adjustment
method for automatic docking of spacecraft cabins
CHEN Guanyu', CHENG Qunlin"* , ZHANG Jieyu’, HONG Haibo', HE Jun'

(1. Shanghai Spaceflight Precision Machinery Institute, Shanghai 201600, China;
2. School of Mechano-Electronic Engineering, Xidian University, Xi’an 710071, China)

Abstract: In view of the shortcomings of the manual operation methods commonly used in the docking of
spacecraft cabins, such as low efficiency, poor precision, and difficulty in ensuring reliability, an automatic
docking device for cabins based on multi-sensor measurement has been developed. The measurement and ad-
justment of the cabin position and pose is the key factor to ensure the quality and efficiency of the docking.
Therefore, this paper proposes a six-degree-of-freedom position and pose estimation and adjustment method
based on multi-sensor collaborative measurement of laser contour sensor and CCD image sensor. The specific
method is as follows: the laser contour sensor is used to scan the cabin, the three-dimensional point cloud in-
formation of the position and pose is obtained, and the posture of the measured cabin is solved by the improved
least squares method. On this basis, the position of the docking hole of the cabin is obtained by the image sen-
sor, and the angular deviation is calculated by the circle fitting. The result of the solution and fitting will be
fed back to the control system for posture adjustment and docking. The project uses the Gocator 2350 laser
profile sensor and the Daheng MER-1810-21U3C industrial camera for cabin measurement and docking experi-
ments. The experimental results show that the accuracy and efficiency of the cabin position adjustment meet
the docking requirements. This method combines the reliability of the laser profile sensor with the flexibility of
machine vision to effectively improve the efficiency, stability and consistency of the automatic docking system,
which is sufficient for future military and civilian needs.

Keywords: automatic docking of cabins; position and pose adjustment; multi-sensor measurement; posi-

tion and pose calculation; data processing
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Fig. 1  Aircraft engine MPC system structure
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Model predictive control based on ADMM for aero-engine

SHAN Ruibin, LI Qiuhong” , HE Fenglin, FENG Hailong, GUAN Tingjun

(Jiangsu Province Key Laboratory of Aerospace Power System, College of Energy and

Power Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: In order to improve the real time performance of the nonlinear model predictive control ( MPC)

for aero-engine, an alternating direction method of multipliers (ADMM ) was applied to the receding horizon

optimization of MPC. The predictive equation was constructed based on the state space model. The auxiliary

variables and dual variables were introduced to rewrite the quadratic control performance index and engine con-

straints into a new form which could be solved by ADMM. Simulations on a component level model show that

the single input variable model predictive control based on ADMM achieves both high-quality reference track-

ing performance and efficient limit management of aero-engine. Compared with interior point method (IPM) ,

the real time performance of ADMM is much better than that of IPM at different magnitude control commands,

and the increment of time consumption is much less than that of IPM with the increase of the predictive hori-

zon. The effectiveness of the ADMM in MPC is valid.
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Soil moisture inversion method based on GNSS-IR dual
frequency data fusion
JING Lili', YANG Lei" ", HAN Moutian’, HONG Xuebao®, SUN Bo', LIANG Yong'

(1. College of Information Science and Engineering, Shandong Agricultural University, Tai’ an 271019, China;

2. School of Electronic and Information Engineering, Beihang University, Beijing 100083, China)

Abstract: At present, the study of soil moisture inversion in the field of global navigation satellite signal-
interferometer and reflectometry ( GNSS-IR) is only for single frequency deployment. In the paper, we propose
a method that uses the entropy method to fuse two frequency to improve the accuracy of soil moisture inversion.
First, the spectrum analysis method is used to analyze the oscillation frequency of the signal-to-noise ratio
(SNR) sequence of each frequency point, and calculate the corresponding equivalent antenna height. The dif-
ferent frequency phase of SNR sequence can be solved by least square method. Then, the phase observation of
two frequencies is fused by the entropy method. Finally, an empirical model was established by using the fu-
sion results and the measured soil moisture to achieve soil moisture inversion. The method was verified by
global positioning system ( GPS) SNR ratio data obtained in frequency L1 and L2 by ground-based observation
experiments. The results show that the average standard deviation of the L1 and L2 inversion results after dual
frequency fusion is 0. 6% , which is 64. 73% higher than the L1 frequency inversion results and 32. 12%
higher than the L2 frequency inversion results. And the RMSE is 0.37% , 72.8% lower than L1 frequency
and 73.4% lower than L2 frequency.

Keywords: global navigation satellite signal-interferometer and reflectometry ( GNSS-IR) ; soil moisture

inversion; dual frequency data fusion; entropy method; global positioning system ( GPS)
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Dynamics modeling and simulation of UAV parachute
recovery based on Kane equation
WU Han, WANG Zhengping® , ZHOU Zhou, WANG Rui

('National Key Laboratory of Special Technology on UAV, Northwestern Polytechnical University, Xi’an 710065, China)

Abstract: In the UAV parachute recovery process, the UAV and parachute are always in real-time dy-
namic balance state, and the coupling relationship between the two in the parachute recovery process is very
complicated, so it is difficult to establish accurate dynamics model of UAV parachute recovery. For solving
this problem, the UAV parachute recovery system was divided into the parachute and UAV, and the dynamics
model of the parachute was established by the relationship between the drag area and the inflating time. First,
based on the method of multibody dynamics, the UAV was divided into a multibody system, including the left
wing, right wing and fuselage, and its high angle of attack dynamics model was optimized by the coefficient of
flow around a flat plate. Second, the models of each body were introduced into the center of mass of the entire
parachute recovery system by the partial velocity matrices. Finally, based on Kane equation, a six-degree-of-
freedom model of the parachute recovery system was derived and established and the effects of the altitude and
wind on the parachute recovery system dynamics were considered. Through the comparison of numerical simu-
lation and experimental data, it is found that the two have good consistency, and this dynamics model can pro-
vide guidance for the UAV parachute recovery.

Keywords : parachute recovery; flying-wing UAV; Kane equation; multibody system; dynamics modeling
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Design of a new path-sharing true-time-delay beamformer architecture
DANG Yanjie, LIANG Yu, ZHANG Wei"

(School of Microelectronics, Tianjin University, Tianjin 300072, China)

Abstract: In order to meet the requirement of multi-input and multi-output of broadband wireless commu-
nication system, a new path-sharing true-time-delay beamformer architecture is proposed in this paper. The
output capability is improved by synthesizing multiple signals, compensating the time difference in reaching the
antenna with a certain delay difference provided by the true-time-delay unit. Compared with the traditional
beamformer architecture, this architecture can save the area of chip by true-time-delay unit sharing. It is not
only extensional, supporting 2 M antennas and synthesizing 2 K signal beams, but also symmetrical. Based on
HHNEC 0. 18 pwm CMOS process, four-in-four-out beamformer is designed to verify the proposed architecture.
The simulation results show that this beamformer works over 0.5 — 1.5 GHz and has four antennas, with delay
resolution of 80 ps and maximum delay of 720 ps. It can provide four scanning angles of +43° and +13° for
four antennas with 10.5 cm spacing. The input-output return loss is not more than — 10 dB, the gain is about
26 dB, and gain flatness is not more than 3 dB. The layout area (including I/0 pad and ESD) is 3.69 mm X
3.62 mm.
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