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Micro-vibration mechanism and simulation of momentum wheel
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2. Collaborative Innovation Center of Advanced Aero-Engine, Beijing 100083, China;
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Abstract; Momentum wheel is the key mechanical component for attitude control and accuracy mainte-
nance of spacecraft such as satellite. Its micro-vibration seriously affects attitude stability and imaging accuracy
of satellite. The non-uniform, non-continous geometric configuration and rotational effects will cause paramet-
ric excitation and load excitation of the structural system. For the dynamic model of the momentum wheel
structural system with non-uniform characteristic parameters, the micro-vibration mechanism is studied by ana-
lyzing the disturbance of each matrix parameter in the dynamic equation. The simulation and experimental re-
sults show that there are fundamental frequency and high frequency excitation in the momentum wheel structure
system, where the fundamental frequency is mainly from the dynamic load of the fulcrum, and the high fre-
quency is from the bearing rolling; the local vibration of the rim will form the traveling wave.
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wave vibration
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Fig. 6 Braking torque for tractor
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Fig.7 Electromagnetic brake current
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Fig. 8 Comparison of tractor deceleration
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Fig. 9 Comparison of travel trailer deceleration



57

B, A 2 T H B AT 9 4 i X B 2 [ 8 1 B 4 o

Je AL 4
.

B 10 i 4 J 0 b

Fig. 10 Comparison of longitudinal hook force

HI[& 8 ~ [& 10 AL, TruckSim fjj 3 i £k FIA
SCHE ST AR A7 L Y R B R i (B AR — B, B
E 7T A ST i 4 5 A LR R A 3l Bl g 2 A
RS A

2 ETFRERBEBINEZED DG

2.1 HEEABFEHNEESSMGITEE
Hi P 4 B 2 S, T 2L 5
o FEH H AR R EE 51 %5 b5 4208 R A2 il 3 o
TESEBR R, b 4 19 9 10) HE 5 g B8RRI LA A% TR
ELHERI A (H T R R Y2 7 3P B AS
ANTE T RCE AT A b I, a) DUR 9 4
12 b A 2 A 58 B I6C B, T8 2 A2 IR S Al T 4
ARTEASBE A 8 BE Atk o 6 1 545 2 e
THPRERE
P SRR T EHLH SN, E25 E 55
TR BEIR AL Sl 7 A, R N A ]
A SRS T N g Sy, S s g U
(1) 21615
muov, =F, +F, +F, (15)
Ao F By A A R S B FXURE
BB 1 4 49 g 1) 728 A 5 O 1) 4 g 7 — B
TN Rk R
1;“(, = AF, (16)
VAR Sy, ) s Jy (B g o 3k P AT HR
POA R RC T A w, TPRiEATH, A8 A A
TR 28 DA SRR AS B A % 22, DR IHORE 42 5] 4
AR 22 AL A M P A B (R B AR g | 4 A
A Jy R A i x = (o, Fo00,u HE E
ALy AR AR IR AE v Bl ow g BRI DG &1
(B 75 3 80, D) s 4 2 ) 4 5 0 AR S A 7 e 4
Y AR 25 7 R AL I Ty FE s Sy
x = Ax + Bu + Dv
y = Cx + Ew (17)
A

1
g Lo
A=97 mQ3
g AU
=0
B = @, G
) O
D=[1]
1
1
o]

X TR R B 8 POk iR S Al T T
TN A 2 i R A O R RO O R R AT R IOtk Ak
M R R AL S RS AL T AR R B R T
A R A 5 A W] A R AR

RETHE

x,,, = Ax, + Bu, + Dv, (18)
WL 75 A -

y, = Cx, + Ew, (19)

ARAG T A 72 254 |43 Sy Bsf (1] 557 08 I 5
B Ar o AR 25 2P R F

s [i) B8 5 38 47
.;?k kst = Ax, v T Buy
P, =AP_ , A" +0Q, (20)
Afex, ol EoR k-1 W2 B R A A
P, B k-1 W ZIREN T 20, KRB
BAL I S R 7

PRI 2575175 o
K, =P, , . C(CP, , C"+R)"
X =%, + Ky, -Cx )
P,=(U-KCOP,, (21)
KPP, RN k20 R 22 J5 225K, 328 RIR
SR 55 s R, FIR B 0 LI R S

WE RR 2 IR BORSZ 5 x P aE CRE
WRE T ZHRE PRI IR, LA B 5 e P by Oy
ZEHE Q LI Mk 7S B 7 22 A FE R W AG
2.2 YhEEHNHITHERIE

R T B UE DN 1) A B Al R AL A o AP T
TruckSim H 7 42 5| 42 5 B 42 1) 8 424 ELABE Y, 78
MATLAB/Simulink H44 @2 1) 44 J fli Rl

{5 5L, 36 F TruckSim w33 19 4 £ X 55 42
R FULAE AL A7 bR 285 Ay 455 7 4 (4t 2 R e AL RO I Ay
N, 3ok R T P ) B R P G Sk Simulink 2 vp B AL
P M PSR O AL BT L1 &1 12 Dy B R R T R
Tl 2, i 4 X5 2 IR A AN TS A i s A 9 )
9 77 5 TrackSim i EL 5 5 19 9 ) 4 4 J7 09 %) 1L o
A5 4 L) 40 km/h [ 2B 5] AT R, 7 2 s B, 45
A2 5| ZE W BRI 215 5, 9\ ) H: 4 ) AR PRk IR E



1288 B AN I T N N = 4

A fu S 4R

2019 4¢

BlLL BB Sl 20 4 5 ) X EE

Fig. 11 Comparison of step braking longitudinal hook force

P12 ] S 1 B A R L
Fig. 12 Comparison of intermittent braking

longitudinal hook force

Wl ] 2h AR E G £ T2 s I
TAEE s VKR AE 2 s B, 23 42 5] 22— A [ B 3 5
YN HE B g 2 B A 2l 0 G ORI AR AT AR
e, H g — Al BORR (928 . A T LR
A ) HOIRZS A T 9 % 5 TruckSim i
A — iU 22 i 2 10 A R T R R BT A R
28 LR 08 F B A B & BN R Y, PR P i
AT SR BB Al T R A R o

3 ETAWBREEMHNEFRL
[=) 45 il 3f 2
3.1 HEEH R
P A TE LR B AR, A IR B o
RIS 5 BELJES 2R 550, 0 10 4 ) 5 Sy

F (1) = C(fa,(t)dl - faz(t)dl)+

k(jv,(t)dt— vz(t)dt) (22)

M (22) /T LLE 242 5] 4 5 By 4 00 il R
JE HURE DL R o) 6r RS A AR TR B, R A2 5] 42 5 s 4
F2E WIS, w4 1o 00 B EGI 5 EE
) U BE | R DL R 4 0 o B8 25 K, S il 4
JIBR
3.2 KumBETEWIER ST

G ) ) 7 4R SR S A ] 13 R 7EHHE
P B B 2 2 i v, R DG ) HE £ 7 RS L
grr b g g ) Fy 5 RN
Fo Z 228 il H e, Fob die 09 ) £ 54 77 B

P13t o 2 O 1 o 42 o R g
Fig. 13 Longitudinal hook force control

strategy for travel trailer

fER 0, FRRFDR2E e LA i 22 A3 e £ Ry 42l
R GEM A, G Bl 0 LR 4 R S
i o 3 I F R AL Y A A A s 4 e B o 2l
JIHE, DT 8 45 B 2 1) DE L, /NN 1 5 T
LA G 45 B A R AL 8l

HARZ s 3 A ZE R B IR o R (22)
X Ee A SR 5 AT
F, =c(a, —a,) +k(v, —v,) (23)

¥ s i (2) R FEREshir
Fe(5) H R i 3l 4 ) 3 0 A B sC (1) ARA
A (23), i fk 0 Hr , 2 W b5 4 3l 71 2 7 & v X
R LR SR s, WA
F,R, + K.Ryu,nKNR,i

F, =cla, - mzRZ—]Z +k(v, —v,)
(24)

B2 (24) M5 B PR
F, = AF, +B.a, +B,i (25)
Hp

_RZ
Y m,RE -,

B, =c

- ROK R u,nKNR,

T m,R -1,

T IR DA o A R O A ) A o
RO ) £ 44 ) G S L8 ) F A2 A
T B E R

e=F, -F, (26)
CaaRGEi AR )
s = e+ pe’ (27)

Ar:p>0,p.g HEEGH 1 <p/q<2,
X A T R A AT A
s =e+p(p/q)e’ e (28)
# L (25) AR (28) 7] 15
s=é+p(p/q) & [F,, (A, F, +B,i, +B, i)]
(29)
X (29) 1710 15



AL HLF W

me |
%7 W BRGS0 RN Y 3 5 4 () 28 ) gl 4% o 1289

S =6 +p(p/g)e” (F,, - AAF, -

AB.a, -AB. i-Ba -B, i (30)
A
L=AB,i+B,i (31)
G = A,B,a, +B,a, (32)

¥ LG A (30) 5 B a] 13
S =6 +p(p/q)é ™ (Fy, — AAF, - L - G)
(33)
ST RE A 45 ] R Gt 1z Bl a5 1 A Y [l 2]
LM A L, i o YT il R R BT .
Q, = msgn(s) + pus (34)
K HYIHRIE S, HENEB KA > 0,
pw>0, sgn(s) NFFSCRREL, & AT :
+1 s, >0,i=1,2
sgn(s) = { (35)
-1 s, <0,i=1,2
TR T 2% gy T A4 o

L, =F, , -AAF, -G +P(P/q)é27p/q +Q, (36)

FE AR R PR

V,(s) = %sz (37)
V., (s) X B[] i — B S 500k

V,(s) = ss (38)

B v it g # il J L, ARAEIK(33) AL i
GGEd

V,(s) = sp(p/q)é” " (= Q) (39)
H12(39) TV, <0.p g J2%, FL 1 <p/q <

2, p(p/q) e >0, HHV, <0, & 2=
e R A E ML , o LU B 3 4 o] SR AT T
frtke
3.3 BEEALHIREEMERIE

£ TruckSim sy b7 42 B S B8, I i
K dE 2 B3 4 Simulink B850 b g 57 5 7 A
T BCE R A AR RE B P46 4 5d O 40 km/h,
A 5| B A — 21 8 R B BR A 3h 0 A A s
A\ — 4L E A T 3 5 1B 14 TR & R G AE
PID Pl A 0 T A6 4 ] 2 S O 42 7 1 D0 T 19
YN RS SR b BT 1S O £ G T R ] K i
TR R B A D803 B2 5 42 51 4 el JEE A R EE
P16 hy e G T R4 ) g ¢ i i A5 428 1) R 3 A o
XL A 14 s, A H T PID Fad] 1 A 4 il
A RUA RO/ NN 8 T o A 1S R AR EE T
G0 VA4 A, 226 i T A 9 ) 1) 5 4 Dok e R
TR A | A, B2t B R, AR g 4

P 14 PID 45 5] A% 0 3 R4 1) e 246 Sy 9 A
ot N UEE S P oy
Fig. 14  Comparison of longitudinal hook force under
PID control, traditional sliding mode control and

terminal sliding mode control
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Fig. 15 Comparison of deceleration between travel

trailer and tractor under traditional sliding mode

control and terminal sliding mode control
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mode control and terminal sliding mode control
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Fig.23  Comparison of deceleration error between
travel trailer and tractor under traditional sliding
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Synchronous braking control of travel trailer based on hook force model
XU Xing">*, MI Jie', WEN Chuyue', WANG Feng'®, MA Shidian'?, TAO Tao’

(1. School of Automotive and Traffic Engineering, Jiangsu University, Zhenjiang 212013, China;
2. Automotive Engineering Research Institute, Jiangsu University, Zhenjiang 212013, China;
3. SAIC MAXUS Co., Lid. Nanjing Branch Company, Nanjing 211103, China)

Abstract: For improving the braking synchronization performance of tractor and travel trailer during bra-
king, a braking coordination control method based on longitudinal hook force estimation is proposed. Based on
the analysis of the straight-line braking kinematics characteristics of the tractor-travel trailer, the straight-line
coordinated braking model of the tractor-travel trailer is established considering the electromechanical coupling
characteristics of the electromagnetic brake and the flexible connection characteristics of the ball-type tow
hitch. Based on Kalman filtering algorithm, the observer for the longitudinal hook force of travel trailer is de-
signed by using signal data obtained from low-cost sensors such as the speed/acceleration of tractor. By intro-
ducing terminal sliding mode variable structure control algorithm, the dynamic equation of the error between
the estimated value of longitudinal hook force and the target value is established, so that the longitudinal hook
force can follow the target value accurately, and on this basis, the brake synchronization controller for travel
trailer is developed. Simulation and real vehicle test results show that the proposed estimation scheme can ac-
curately track the state information of travel trailer, and compared to conventional control methods, the maxi-
mum hook force using the proposed control method is less than 3 kN during tractor and travel trailer braking,
which effectively ensures the stability of both braking.

Keywords . travel trailer; state estimation; terminal sliding mode control; synchronous braking; electro-

magnetic brake
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2 Wi i) 50 53.25 s<l HR
3 %X 465.4 1208.9 141.42 41.43 v; ¢ [600,900] km/h& v} ¢ [ 600,900 ] km/h ER
4 X 631.3 609.8 141.42 32.22 v € [600,900 ] km/h& vl e [600,900 ] km/h SR
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Y5t o i s /km
1 (778.4,200,4.2)
2 (200,200,4.2)  (226.5,211.3,4.2)
3 (71.2,100,4.2)  (110.4,100,4.5)
4 (88.3,123.7,4.2) (132.8,135.6,4.2)

JOUI R A2 153/ km
(960.8,200,4.5)

YT JE AL 5/ km
(983.2,200,4.2)
(253,200,4.2)
(132.8,100,4.2)
(200.1,153.6,4.2)
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Abstract: A geometric optimization algorithm is proposed based on velocity obstacle method to solve the
problem of flight collision resolution and track recovery. We gave a rigorous mathematical description of the
problem. Firstly, according to the relative position and speed relationship between the aircraft, the collision
type and whether the conditions of each release strategy are met are determined, and the corresponding resolu-
tion strategy is adopted. After the collision was resolved, the plane resumed its flight on the original route.
The model can effectively solve flight collision through geometric analysis and theoretical derivation. In addi-
tion, the track recovery point and the parameter solving process involved are given in detail. Finally, in the
simulation, the algorithm chooses the collision resolution strategy independently according to different scenes.
The results show that this method is simple and efficient, and the track recovery redirects the ownership to its
original target waypoint without introducing new flight collision.
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P(N, .[pa(N! ))P(pa(N[, ) (4)

HFA(4) P(pa( N, L)) 3aT LU IH ik
— ELBRAS LI A M5 45 A7, WU — 15 P 100 2 1
FAM A LA R R

PN = |

pa(NIL )
2.2.2 EULF = % Bayes W4 61 & 5 5] 5 ok
D) MF RSN, T HE L2
A JE Y 4 BB AL R R s N
BFH H,, 2906 1 ER L, B x =0, 52.2.1%
FEARL, DR A5 2 U A N 30 4 6 9% 4
A5, 8 e R IR (6) I A5 A % 43 A
P(N! _pa(N! )) =
P(N,, . [pa(N" ))P(pa(N[ )) (6)
K PN Ipa(N! L)) 94 A U T 1
J2 5 2 A T % B R T A N TE
Wit H. 0 R(A,) [(N,[E.):P(pa(N;,.))
()43 A I T2 5 N A SRR EA
i A Beta(a,B) Frdtla] e o #F 138 £ 56 A W%
Sy A RE A B R KW A NI i R
i

P(N;, .,pa(N[ L)) (5)
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2) MFRRY AN EEEA LEL)E
YT 15 A A J2 AL T2 WK 1 Sk SR B T
NI SRR 2 A, MR (7) B R B
L&A
P(N" pa(H_,: N' ),pa(H_, = N' )) =

P(N" |pa(H., :N" ) pa(H ., N" )) -

P(pa(H_,, : N" )) - P(pa(H ,: N"' ))

(7)
KofP(pa(H,,, o N )BT EESZHH
I 0 0 R W AU ONE L TE L
H..,: R(A)) [(N!' [E );P(pa(H.,, : N' ))
Wk F 2w W E N DA B A
P(N! . lpa(H.. : N' ),pa(H.,: N' )W
i I 6] T

ZE I, B4 T =4 Bayes [ 4% B HE 5 2% 5
7 BRI G 08 5 S B £ S HEAT AT

3 EBISH

3.1 #HEES

DAKETY 5 R R G T TS X R, N1 45 4
f4% 6 /> LRU BB s 85 2% | G2k M 45 3 13T
FEHL BN AL A SR M LR B P o B B
B TE , fE IR 5 6 A~ LRU #5282 [A] JC AH H. 3%
Wi o Mo N2 45 A 45 3 > SRU AR - 48
JE D2 A R S R R i R

THRMALEE 2 4 SRU BEdk . £ 1340 31 i K% 58 4L
fer . SCBR b, LA EMSE N A& F S
MR As 2, 1 2% 8 LRU 55 B (8] JC AH B 52 W,
BEAN 5 & b, 1 D 3K 15 A X 2 B AR A A 00 5 I
TIOR8 LA Xof 355 70 5 35 T 4 2R 8 N ) R ) &
R4y, R R G = 4k Bayes W 45 B A0 & 1
FIE7R o

TE R R G T R R G0 0 iR P 5 UE K 5 A
f4~ LRU Ml SRU #RJF F& T A R 9 2 i 56, 3
S 06 7 A B BCHE #8 BT LAFE ) = ZE Bayes 4% H
JeW 5 E . A% LRU F1 SRU A9 00328 1k 52 973 56
R AE N = 4k Bayes [ 26 15550 () S 56 15 &L, i 2L
% 1) = 4k Bayes [ 4% (1) @il 45 4 B 5 40 LRU
2 SRU 2 iy i 30 F s A7 Rl A, 15 3 R g2 ik
PEFEAR——FDR (1 )5 55 43 A7 I 2473058 07 2 10
A o R G0 G I A U 0 B e A 1 PR
2 LRU F1 SRU (1 e b A5 00 38 36 250 4 4n 2% 2 AN
F 3R, LRU J2 9% v 25 4 4 1) 45 8 1) 36 R b 1
I3 35 2 0 3 0 B dn 2 4 T o

BEAFR N ~ 4B BRI R IR 5
HCBEECH IR Bionmial (m,,p,) ,m, &4~ B
PEAT AR I8 U B, p, A AR L ) G A T AR %, - I
WHAARZELZERT AW p, kA —-THES
$ Ke 1 K(1 - &) (1) Beta 5341, BJ
W(pi‘K,é‘) ~ Beta(Ke,K(1 - ¢)) (8)

1 KRG =4k Bayes [ 45 1% U

Fig.1 Three-dimensional Bayes network model of flight control system
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Table 1 Physical test data of system

28 WA A R Mk
HfH 10 1

%2 LRU £ E
Table 2 Physical test data of LRU

LRU R A i R Mk
L 4 1 45 5 0
B 4 3 1
¥ B 9 1
B2 A 14 2
fie S Rt 8 1
LR TEHIAE 4 1

HASLE P(pa(N g ,,,) 1T LIRSS A B E 515 B
B R GACE R 5 i SRR AT O T A B
BRI AT BRTEHE P (N oo | pal( N ))ob,
P(Niio [pa(No o)) PN, [pa (N, ) i
P(N gy |pa(N s )) IR B E o UL R 45
& A S L a3 E , A RS R AR
eI AT ANZR S Pr7s o v s Al A I AR 2R R
AR JZE AT OHREL 1 ARG R, ~ Ry R IWIA L
ARSI A NI B oA o T ] S =
ZE Bayes [ 45 (1) BE A B
RS BEREEGHME
Table 5 Conditional probability of each state

&3 SRU ¥R EIE
Table 3 Physical test data of SRU

SRU # 1 gL s B A ek B
20 B D A A 5 1
i1 T bk 5 1
ZKHE 4 0
15 184 21 R B 2 0
AL 2 0

x4 GRESSHENNIEHE

Table 4 Detection test data of integrated controller

LA A B R A i KWK
i 1T 3 1 4 0
o 1T 3 2 4 0

KXee Ky p, WA, BT p, MK Ir 2N
e(1-&)/(K+1) 5 KJRGE T Beta J5 55 73 4 1Y
SrHcrE, Kt KA e HBEPLAE &
3.2 EEBEERSWN
3.2.1 @AM

R G ME 6 AR FDR J5 56 73 A 19 i 2 20 38
AR

TR L REE B BRE X RRE
F3T 3 VEE , B € =4k Bayes W 2% 2% 19 mi 22 1 1Y
£ 14 4% 3% 32 ( Conditional Probability Table, CPT)
BB RRAT AN, =k (k=0,1) % J2 05 8%
A B AN AT A ) AT A 2 AR S MR G (2 IR
TR Nigoo ) ML P 48 48 FDR "] R 7R O
P(N 0 =1) (HABT 5 FDR AR EKR) , i
=4k Bayes M2 X :
P(N0.0):pa(Nigo0))) =

P(N 0.0 | palN.0.0))P(palNg o0 ))

(9)

fﬁ*:anWmm>V%ﬁ%Nuaw\Nwmw~Nw&w\
Ny »Nosays N 7S TR 5, HEATH

A JEURH
%Bﬁ:%{ N(O,O.()) NU.O.I)/N(O.Z.I) N(0.3.1)
0 R,:U(0,0.2) Ry:U(0,0.2) R, :U(0,0.2)
1 R,:U(0.1,0.3) R,:U(0.6,0.8) R,;2:U(0.4,0.6)
2 Ry:U(0.3,0.5) R,,:U(0.8,1) R,,:U(0.7,0.9)
3  R,:U(0.5,0.6) R,,:U(0.9,1)
4 Rs:U(0.6,0.8)
5 R¢:U(0.8,0.9)
6 R,:U(0.9,1)
P2 =4 Bayes W48 )2 RN F E A5 HE

., B TFAFUL LRU JZRAEIZRNFE LG,
RIS 2% DT Bt b BB TR N oo 1) Ny K
Ny o BEATHE SR B 4 Bl 4 U5 09 15 538 5
TR BN oy W 5 0 B E s A1 N BB — 4k
Bayes |9 4% (i AR H A, JETF I b 48 o6 B A
A (4) , ] LIS BB A )5 50 % BN

I'(K)
IM'(Ke)T(K(1 -¢))

ny

m(p.K,e|(n,,x,)) = [
" /
i=1

[TrC1 —P,-,)""”]W(K,e) (10)

i=n,

Kep = (propaseee,p,) sng Fl w2390 0 4% BT L
I A A R I S G 0 YR K5 e O 2 IR T A
B,XH n =350, HFFH Beta(Ke,K(1 -¢) ) 4040
MR AT S X E ny =2, WS H e 1 K B
Wi, R K ~ Gamma (a', A), & ~
Beta(a,b) , {UKA G 5050 1 h

n

I'(K)
I'(Ke)T(K(1 -¢))

x;+Ke-1 ni—x;+K(l-¢g) -1 .
[ Hpi (1 -p) ]
i=1

le\l<1 _ pi>ni*xi ] Kaflef/\l(gu—l (1 _ 8)[/—]

iz

7T(P9K"9‘ (ni’xi))(x [

(11)
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N TR BRI, S5 4 M-H 575 A Gibbs
fEERY MCMC J7 3% (G/M-H 5.3%) , R ix — &
PRZWABRL . G/M-H Fk BRI B AF .

1) WEYEj=0,a=15,A=1,a=8,b=2,
K" =a'/x,e" =a/(a+b),

2) M i=1,2,,n, B, 4 :p” ~Beta(x, +
KU*l)a("*l),n[ - x, + KUYV (1 - 8“71)))0 EEi
e S =4k Bayes [ 2% fil 15 # PHLAR0 1 50 AH G
pili=n,ny + 1, n) BREAAE, IF N34 N (O,
D) sl 2, 34 K* = KV Vexp (2) o [R5

) #* (G-1) ®

a(p"” K ,e""V R|x)K
r= . - . —— M ¥y 5] A
7T(p(/)’K(J*U’8(1*1),R‘x)K(/*1) )\ /J

(0,1) EAECu, R usr, WA K =K 504
K(j) :K(J'*U
3) EEE‘Z ‘9* ~Beta(K(j>p’K(j)<1 _P>)’P =

p? o HitE . r=[a(p” K" " R|x) -

3 |-

(s(/_l)/s* )Mﬂi)—l]/{w(pm ,K(“ ,8<_/—1> R \x) .
e L N N N N
(0,1) I w, IR usr, M4 67 =2, 04
D 2 gl

4) SREUAS Mo A h A R T A SRR, ~
R WJER A 2 R=(R, Ry, R,) , BN
A UC0,0.2) AR BRI =

&

ﬂ(p(]’)’K(j)’g(/)’R* x) " ,
- - - M 0.1
(37 K9 &9 Rix) S5 A (0, 1) 4

Wou, M us<r, M4 R =R, HN4A RY =
RV XHF R ~ R SE Fikid e,

5) A j=j+ 1, IFEFILE2),

Wt DL F G/M-H B3k ] DL B2 )T A
N oy B0 G 50 50 A, o HoAif A7 T = 4E Bayes
W 2% B4 i AR R LA EAT R — 2

HB3 =4 Bayes M4 2% A5 B AL
HET AN T RZE LA, 5% I8 SRU JZ [
LRU JZ R4, B2 9% 18] % b 305 B DL 4k 7
N(O,O,Z) > N(O,lvz) ﬂ] N(O,Z,l) E/‘J %ﬂ é & N<0‘2,2> >
Niosoy Nigany TN g0 BTES, [FREF T4 58 2
a2 9 G/ M-H B3 S BR A, SR it ¢ 1 7 A
R B AR, 3 30 5 J2 % R B b BB B D
Ab B LRU J2 5 R 402 150 b 1, 3R A RV EE 19
SR AR, BTSSR AN 6 TR R T =4
Bayes |9 4%t R HE B AL B8 K o B A% K
B i 58 P (Nygoo = 1) P (Nygy =1).
P(N,., =) M P(N ., =1) KGR fi 5
FEhrfi. B2 45 T 38 K e M5E 1 7S 50 1
R KRB 2, B 3 W45 i T i) = 4 Bayes
W) 2%k B e o S 1 HfE B0 IS 06 M % 85 R 4 A
ST

xk6 MXSHRRSH

Table 6 Posterior distribution of related parameters

AR VR
ZH ¥iE bR

2.5% 5% 50% 95% 97.5%

K 15. 485 3.790 9.339 10. 033 15.091 22.294 24.108

e 0.876 0.046 0.770 0.791 0.881 0.944 0.952
P(Ngaqy =1) 0.896 0.043 0.801 0.823 0.898 0.961 0.970
P(Ngsiy =1) 0.886 0.046 0.782 0. 804 0.890 0.955 0.964
P(Noay =1) 0.897 0.041 0.808 0.827 0.898 0.961 0.970
P(No0 =1) 0.876 0.036 0.799 0.814 0.878 0.931 0.941

2 Sel-JE SRR R R O L

Fig.2 Comparison of prior-posterior probability density function
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Fig.3

Comparison of posterior probability
density function at different

hierarchical nodes

3.2.2 @mAEBER S

Wk = 4E Bayes W 2% @l & HE I B, B
Bl 2(a) nf IR E], S8 K i &5 B/ i i 2 5k
B 43 A 22 BEORN WY i, 6 56 3 {8 S 36 39 0E 4
B X EWRERIHEENERAZ U TER
AR R R AR IS . e WSETME N 0.8,
TSGR PTE 0.876 i, di &l 2(b)
AU, 300 %5 05 9 3 A RS 08 43 A 1 TR AR 22 R A
WY, 150 WYt o ) Bk G MR 238 0 A 0 HE S R 43 A1 1Y
MR K, H IS 50 40 A 25 FE 2k RWIXT S8 &
WEEERES, H 9% & X E M [0.791,
0.9447

3HHTERT A Nooay Noan Nos
BN g .0 DA 48 A7 FDR J2 5 38 1 = 4k Bayes
PO 6%l G 41 B0 J5 50 43 A R R 2 Bl 2 4 X LU
B, FF F B AR P i = 4E Bayes W) 2% il £ 4
PS4 2 R A5 5 FDR JG 56 b AL 8 VE M dsbn 2
W, ATRLE H, H JC =4 Bayes M 45 i Bl 5 50 5
AT 45 B R0 L 22 B0 W, 22 5 A o EELAS 2
A )JZ U A FDR 5 50 M 258 25 B Al 11 e B B 5
X —mJRAT AN R 6 mh &5 s 1Y 95% A5 B IX.
) K% & 6 3 A A 13 ), T JC = 2 Bayes X 45 fil
B HEH B T AU RE TR B SR K LB
AREB/N, FEIG R H BT %, XIEZ
F T2 T N(l,o,n \N<0,2‘1> ~N<o,3vl>& N<0.0v0> il
R 5 B B = BT S 80, s AR AR 2 9
ANTR)JZ YT A S B0 A5 B AT RS BT RE R T Y
E BRI

RIERGE (N g0, ) FDR 545 19 J5 50 57 %
7 0.878,H: 90% & (Z X [i] #y[ 0. 814,0. 931 ] ,
Ji 56 v L BRI AH B A B IO T 6 > LRU Y 5
5o e B, R R 45 Hh T ORS B 1 SE 06 15 U8 B 4k
SRR R G S0 B AR AR B RS R O T
FDR (4845 , 45 & B IEAG 4598 . #F—25 ,LRU
B1E Bl H T — 2 W SRU 53 4t T 6 — 2 %
M T2 g e B, IS G (Ngs.))
Sl ELH{E K 0. 886,90% ‘{5 [X [a] K[ 0. 804,
0.955], HH FIBWW A Noaroy«Noso s
Ny ME A B EIAR B, 45 6 & 1Y S5 5 fig
U 4 34 I FDR 545, W AT 45 20 14 )5 50 34 (4 fE A0
g/ T
3.3 HIEHAEWRERDIH
3.3.1 ATERSFHEEHRKETH T &

AN T = 4E Bayes P25 2 245 3 Z KT 5,
Ng.0.0) B9 FDR J5 55 5345 , [8] I} 3 T Bayes J5 5 X
I VA D A A AR R A T v R R ELEE SR A
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LR 7 (p | X) BUR 7 (p) , W fE A B H
p=po | XIS 2R 7 J7 X 2 % 36 0 fY B2 52 78 K
p<p, | XIS FH 7 %k 2 45 B2 die i S 5 R, W
B XA I KU

P(p = p, |refuse,X) =

T

T (12)
1 _H;(i)u -0 (p ) dp
FE SCAHFH 7 IS 3 XU S
P(p < p, ‘accept,X) =
T

f;[ ;6 (?)(l —p)”p‘v”]W(p\X)dp

g A B0 0 11 0 A R A D G A

P(p = p,|refuse,X) < a

{P(P < p, |accept,X) < B

BT 5 0 4 A 0 A A AR 0 R 1 B

S AR AN & 4 B, R 2 R 1 B AT SR A R
K (14) By B/ MR REAS 507 5 o

(14)

4 T U o0 A Bl AR A Bk S it Y AR
Fig.4 Algorithm implementation process for determining

fault sample size based on posterior distribution

3.3.2 MM AT EGLESH
3.3, 1 9 Pk = 4k Bayes [ 2% I {1 50

AR Fil 5 4 B AT LA A B 50 D044 5 AR FDR

9 Je 35 53 A1 T AL

7(p) ~ Beta(72.58,10.25) (15)

PRGN FDR (R B0 0E XS 4, A= 7 Jr Ffdi F
J5 5 7€ 1Y) FDR 45 b5 FXURS 25K O« A 7 7 SR A
po =0. 95, i {1 J7 R AH p, = 0. 90, 4= ™ J5 XU
a=0. 1,75 KK B =0.1,

1) i SCHR[ 16 ] 2 i XU R o ) mT 45, 72
T3 &SRR A BTy KU 2L 5K R kv O & o
(187,13 ), A= 7 Jr F0f8 F O 52 By KUK 43 501 oy
0.098F1 0. 087,

2) FET SR E BRI DUAS SOy
A B T0UZ MR P AR FDR B UL 48 Bayes
B UE Ty vk R e B 4 A, AR A SCER [ 12 ] L 4
Bayes I 328 P4 56 1iF 550 5 FE A 52 0 52 07 vk, 19 320 Y
B/ RERE A B N R R ARV R IEC (nye) =
(81,6) , A= J7 Fufdi F 75 52 b KU 43 391 iy 0. 097
F10.096,

3) i =4 Bayes 45 #E BT AR A R SE
FDR G I FEA M, 856 R G A T 5 5 4
AT B 5 A A B o 7 R A5 B AR SR/ R R
AT (59,0) , [ B A5 3] (9 52 B A= 7 O KB
P(p=p, | refuse,X) =0. 008 4, 5 Frfdi 11 75 KU K& Ay
P(p<p, ‘accept,X) =0.0997,

H O AT D0 A 2 2 e IR o D 45 3] 1 e s A
A (187,13) , LA S & 4t Bayes I 32 1 56 F i B
FEAS 10 7€ 7 15 I il 2 1l B A AR 1 (81,6) , 78
AHTREDBUTT KU (15 B0 T, B& T = 4k Bayes [ 2% il
TP AR Y A PR S A A A A B A R AR
] B, A S5 645 B0 0 52 bR A 7 05 WUl P(p =
Py | refuse, X) = 0. 008 4, &5 2 2 i J5 v Fl 4L 55
Bayes 75 vk T 4 B WL BEAR, iIX 2 T P(N g 00, =
1) 14 95% &% X [a] Ay [ 0. 804 ,0. 9551, 1fij 4k 7 7
BURAH py = 0. 95 0 F X 0] A i, 8 1 A5 78 A
P(p=p, | refuse, X) FREA RS >, A Ik A 7 T K
K P(p=p, | accept,X) 2 W G/

4 4 it

AR S X B I TR R BE A RCE AL
A RGN R G AL, H A TR & BHILAR
8N R S 56 15 B A I 3 6k V5 M LA GE
H T 2 G e 0 £ S i B Ty A AN
REA R Ak PR 56 15 B, 5 Beas R {5 A & i
] AL, 3 3 % FMEA 59 47, i %€ 3¢ 45 9L 1) 265 44 Al
B S50, PR B i 1 — i 1) 2 2% R AU = 4
Bayes [ 2% I 50 1 30 UL A2 Y, 5 15 78 70 a8 3 &
B T2 PAE R BT 25 1 AR AR S M A e g A R .
—J7 A R IR i Bayes [9 2% B8 70 1 52 2% 2
I3 — J5 T A 25 Y = 4 Bayes [0 2% 4 Bl 15
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1) =4 Bayes [ 2% I 35 1 56 Uk A58 B4 56 70 %
BT B AR R GEN R G A MR 8 R T
LRSI PR O A 2 A A Z 1) B N TE TR 2R o

2) =4k Bayes [ 45 I 1 ¥ 46 91 42 8 RE 5 2>
HI ] Bayes [ 25 8 3 4f B2 ) 00 A5, F BE 78 70 il &
BZRRAT RUTAAER) e B (5 B, (4% R 48 FDR J5
B o3 A1 45 R B2 S AT A B [ iy T TS
060 A B4 AL B R A A A Tk RE G 5 AR e 1k
0t 3 T 2 4 K, R a AR 7 O X 2 A AR
e 32 T B LA 2 o DN 13 3 ol O ) 22 5 e Wi v
SCRFREJE 50— T RE {45 I 6 A 119 ik o R AR
Bz N R B E T5 58 L AL 58 Bayes K1
WAE Ty A RO A, 53 —Jr i T R4 FDR R 5
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Abstract: In view of the complicated system structure of current weapon equipment, the existing test-
ability verification method based on the testability prior information of the equipment system is difficult to ap-
ply, and the testability verification method based on the testability prior information of the subsystem cannot
process the prior information effectively, which lead to the low credibility of the testability verification results,
so a three-dimensional Bayes network testability verification model for complex systems is proposed. The model
can fully utilize the conditional independence contained in the various hierarchical structures of the equipment,
effectively reduce the complexity of constructing the Bayesian network model, and at the same time integrate
the prior information of each hierarchical unit. Through the given conditional probability learning method and
G/M-H algorithm of the three-dimensional Bayes network, the underlying unit data can be integrated through
the model to obtain the posterior distribution of the top-level testability indicators, and the top-level posterior
distribution is further used to obtain the fault sample size. The results show that the model can fully consider
the system structure of the complex system and the prior information of each hierarchical unit, and the posteri-
or distribution of the testability indicators can be used to reduce the fault sample size of testability verification.
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Table 1 Structure parameters of piston pump

ZH Bl
m,/kg 0.125
R;/mm 40
d/mm 20

z 9
a'/(°) 32
/(%) 15

fo 0.05

Si 0.12

L yin/ MM 30
Ly /mm 18
L,/mm 10
R,/mm 30
R,/mm 33.5
Ry/mm 42.5
R,/mm 48.5

S AEZE 5 AL il il £

Fig.5 Contact force curves of piston and cylinder bore
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Fig. 6  Finite element mesh model of cylinder block
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Fig.7 Stress contour and strain contour of cylinder block

under working condition of 28 MPa and 5400 r/min
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Fig.8 Fatigue life contour of cylinder block under working

condition of 28 MPa and 5400 r/min
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Fig.9 Pressure-stress curves at different speeds
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Fig. 10  Pressure-strain curves at different speeds
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Abstract; The cylinder block is the crucial part of the aviation piston pump, which can directly affect the
function of aviation piston pump. In view of the drawbacks of long test period and lacking theoretical approa-
ches, a method for fatigue analysis and life prediction of the cylinder block is proposed based on finite element
method and linear cumulative damage theory. Firstly, the mechanical model of the cylinder block is estab-
lished using theoretical mechanics and material mechanics, and the force analysis calculation is implemented
on MATLAB. Then, the finite element model of the cylinder block is established on ANSYS platform in order
to simulate the stress and strain. Further, the results of stress and strain are imported into nCode to find out
the weak parts of the cylinder block and investigate the affecting factors of the fatigue life based on linear cu-
mulative damage theory. Finally, the verification test is carried out. The result shows that the outer wall of the
piston chamber near the side of the distribution plate is weak and prone to fatigue damage, and the damage
part of the experimental pump is approximately coincident with the simulation, which can validate the correct-
ness of method for the fatigue analysis and life prediction of the cylinder block. The study findings of this pa-
per can provide guidelines for designing the cylinder block of compact piston pumps.
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Abstract: With the rapid development of graphic processing unit ( GPU) , the parallel computing tech-
nology could be easily applied in the numerical simulation of ultrasonic sound field based on compute unified
device architecture (CUDA). The calculating efficiency could be greatly promoted by using the parallel com-
puting technology. The theory of elastodynamic finite integration technology ( EFIT) is illustrated in this arti-
cle. An EFIT 2D ultrasonic sound field model with point source and absorption boundary in steel material is
established by CPU, and on the basis of CPU code, the GPU model is built with parallel computing technolo-
gy. The flow design procedure and parameter optimization method of GPU model are introduced, including the
texture memory use, absorption boundary optimization and data transmission optimization. Based on the com-
parison of time consumption and average calculating efficiency, the efficiency promotion of EFIT model of CPU
and GPU version are quantitatively analyzed. The result reveal that the EFIT model with GPU has much higher
calculating efficiency. According to the comparison result, the calculation speed of EFIT model is promoted
significantly with the parallel computing technology. And it has broad application prospects in complicated
acoustic field simulation.
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Fig.1 Schematic diagram of structure of generative

adversarial nets
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Fig.2  Structure constitution of space anomaly

events detection
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Table 1 Anomaly detection performance on MNIST

S F1 T 2 s AUC
0 0.746 0.745 0.329 0.878
1 0.701 0.548 0.430 0.758
2 0.783 0.712 0.357 0.552
3 0.779 0.712 0.362 0.531
4 0.787 0.716 0.351 0.499
5 0.801 0.705 0.331 0.616
6 0.786 0.786 0.353 0.699
7 0.775 0.523 0.368 0.271
8 0.787 0.772 0.351 0.618
9 0.784 0.680 0.356 0.463

Table 2 Anomaly detection performance comparison

between proposed method and VAE method

R AR5 s VAE[!!?!]

ey Fl PRC Fl PRC
0 0.746 0.745 0.537 0.517
1 0.701 0.548 0.205 0.063
2 0.783 0.712 0.598 0. 644
3 0.779 0.716 0.332 0.251
4 0.787 0.705 0.381 0.337
5 0.801 0.786 0.427 0.325
6 0.786 0.846 0.433 0.432
7 0.775 0.522 0.212 0.148
8 0.787 0.772 0.490 0.499
9 0.784 0.679 0.210 0.104
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11% , VAE $4ls >k H k[ 12],

MNIST ¥ 45408 T 5 858 A, 5 WK 5+ 5
G B A 3Dl — BoPE , 7E 3% B 4 09 I ik 1 Re
UE B T A SCT7 o0 AR 2R B0 S B RRALE 1 27 >0
PUNRE Ty o IR 25 R R W], 35 F 2 o0 Bt X 4% 1
TR 58 SRR U7 i AE MINIST £ 4 |, 23
K ST IINZRG B8 8 I 2R B A
A FH A 0 2R 1 5
3.3 EXHEAR
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R T 2R AR ST AT SRR A 5, 4 T
S R B0 B R A 0 B R B o 5 TR B i O
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B R R AR XU AR R R
WA IEH R R DL 48 kHz SR AE 253 )1
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SRR AT VR R I . 38 ek A S
i, 5 40 ms — 11,20 ms MUES , I 6T, PR A
AR 4 5 W A 128 SR U8 Uk #4515 2] 40 A
IRATRE | A3 HE 5T A 50 AN 400 i K B8R HE 1T I 45
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Table 3 Data detection performance in

real environment

AU EL F1 1 A [l AUC
1 0.778 0.747 0.813 0.617
2 0.963 0.940 0.987 0.978
3 0.981 0.987 0.975 0.984

X LS FR AT SR A A 58 4 i O W RO DI 2% fiE
R YA I A R 1 5 0 S F 0 S AR A A D e
& ME LA R IBCR it K 4 40 A AR G 3E .
3R N GREER AR 2 s A i R B
FETEH AR 3 LA I 8 T B 3% £ R H
HEIMASAEA K o 5 5 H A I 1k REAR 45, JL
PR TR S R A BEAR A X ) IE
SR O, R X ] RS R AR B M B T
PEIRSEf A SR T DA 5. AR LR B9 A
JH I 2R AR SR AR BT 4% Bl B 2 A5 1F R 1%L
P HEAT SR A A0S g oY

4 & g

AR SCHR H T AR O BT I 45 A8 K 5 SR
K 7 3 , B T IE 3 S AT U 25, R A B
FEAET R i N 15 A A UL R A AR e G
7%, S BLSEH F R R ORI . 7E MNIST %4 52
PR BRI A 2R R, RS A AR R A R
FIF,FL A PRC 28 K HEHOR AR L VAE J7 ik A
B PR T o A S BRI SR A 1 U e AT
W B TAR R G 1 S W SR R ACR . T
PHE A 5 A3 56 4 ORI R AT I
G, XX 57 S0 A A A 2D 03 i AR IR A R
URAT ARG 1 38 TR A EE P o AR S5 5 AT 4 J
FTF W4 B 22 25 53 0 25 1 OR R AN 5 R, R
K22 55 ) B VI G 0 A R 1 4R T 25 A M RE AR
i, S8 B ECIE TR o
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Space anomaly events detection approach based on
generative adversarial nets

ZHANG Keming', CAI Yuanwen', REN Yuan™"
(1. Graduate School, Space Engineering University, Beijing 101416, China;
2. Department of Aerospace Science and Technology, Space Engineering University, Beijing 101416, China)

Abstract: Anomaly events detection (AED) is quite important in space field for the complex space envi-
ronment, difficult technology, high risk and strictly safe and reliable requirements. Since there are few space
anomaly events samples and they are hard to obtain, it is necessary to carry out targeted AED. In order to pre-
vent space accidents and find anomaly events that may lead to fault as soon as possible, a novel approach for
space anomaly events detection based on generative adversarial nets (GAN) is proposed in this paper. Normal
event samples are generated by normal GAN, anomaly event samples are generated by anomaly GAN. We pro-
posed a reasonable algorithm to calculate the divergence of Euclidean distance between input events and simu-
lated normal events generated by normal GAN, and Euclidean distance between input events and simulated ab-
normal events generated by anomaly GAN. As a result, abnormal events is detected accurately. The method is
trained and tested using the Mixed National Institute of Standards and Technology ( MNIST) database. The
test results show that the key technical indexes, such as precision rate and recall rate of comprehensive evalua-
tion index (F1) and precision recall curve (PRC) , are at least 31% and 11% higher than the traditional var-
iational autoencoder (VAE) method. In addition, we evaluated the method by collected data in real environ-
ment which simulated space audio data. The abnormal event detection performance is very good,which proved
that the proposed method could detect anomaly event in real environments.

Keywords : generative adversarial nets (GAN) ; anomaly detection; learning algorithms; deep learning;

space application
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Dynamic characteristics analysis method of complex systems
based on nonlinear mode

HUANG Xingrong' , LIU Jiuzhou®, LI Lin>**

(1. L’ école Centrale de Pékin, Beihang University, Beijing 100083, China; 2. China Academy of Launch Vehicle Technology,
Beijing 100076, China; 3. School of Energy and Power Engineering, Beihang University, Beijing 100083, China)

Abstract: Nonlinear problem has always been an obstacle in dynamic analysis domain due to its complex-
ity and high computational cost. This paper aims to present a simple, accurate and efficient nonlinear modal
analysis method which can be applied to some common nonlinear systems, including Duffing system, dry fric-
tion, nonlinear material and so on. The kernel technique of this numerical method lies in establishing the vari-
ation law of the nonlinear modal parameters in function of modal amplitude; on the one hand, the steady-state
problem is simplified into one-dimensional algebraic nonlinear problem, resulting in a significant simplification
in numerical computation; on the other hand, the analysis of nonlinear modal parameters in function of modal
amplitude provides a modal overview for the comprehension of system’ s nonlinear dynamic behavior. Following
a description of the theoretical aspects and numerical simulation process of this method, it has been proven to
be efficient in analyzing a Duffing system with real nonlinear mode, a dry friction system with complex nonlin-
ear mode and a multi-physics system integrating piezoelectric material. A reduction method based on the pro-
posed strategy is then presented, which is simple in mathematical form and efficient in numerical computations
for analyzing large complex nonlinear systems. It has significant advantages in computational efficiency when
combined with the mode synthesis method to solve the dynamic behavior of large complex nonlinear systems.

Keywords: nonlinear modal analysis; mode synthesis; Duffing; dry friction; nonlinear material;

reduced model
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Fig.5 Road network model established in CVIS
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Fig.8 Route optimization plan

3 B IE
3.1 MK ESHE

T B EAR SC O A AHE s L i
i DX ML TR R ) DX R AT B IE . 2R 0D A5k
Ent b RS B R U A S RV S
Va7 . AR SCSEE 43 O 06:00—08: 00,08
00—10:00.,10:00—12:00 3 4~Hf Be gt 47, 4> 31
YSRGS RGBT 3 R Bk R 4
T3 T A T MR 3 25 B 26, N9 BT 7R

I 3 S I S

Fig.9 Route plan in experimental design
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Table 2 Parameters of experimental route

T A7 AR B} [A] / min

BRME WA ELX /A 73R/ kn

A7 3 i 2

06:00—08:00 08:00—10:00 10:00—12:00

B 1 5 2.0 9
Bk 2 5 2.1 10
a3 5 2.2 10

7 6 S S L S S
00— —4 —7 —8 ——D
9 7 L S R
00— —2 —3 ——6——D
9 7 S L S R L
00— —4 —5—6—D
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Table 3 Data collected in RSU

B 2 AT R o/ (km - h ") Y HE BN SR N BB SRR SHTE I
>4 5
06:00—08:00 08:00—10:00 10;00—12:00 06:00—08:00 08:00—10:00 10;00—12;00 L/m  JiM C/s [P ~Py/s
0 24 28 38 15 14 12 431 150 0~42
| 4 26 32 43 9 8 6 374 150 0~88
PR 22 30 38 7 6 5 415 150 52 ~76
7" 20 28 34 6 5 4 368 60 28 ~54
3 D 21 33 37 9 8 7 443 90 48 ~84
02 20 26 33 9 8 6 431 150 49 ~ 69
RN 15 19 24 8 7 6 418 70 0~38
PR 14 20 25 0 0 0 422 70 0 ~70
5 5 6 16 22 27 7 6 5 387 70 0~36
6D 12 15 22 9 8 7 430 90 0-~32
0> 24 28 38 15 14 12 431 150 0~42
i L 4 18 25 31 11 10 7 374 150 0~88
405 12 15 19 10 9 8 381 80 0~39
s R 13 18 21 0 0 0 502 70 0~70
62D 12 15 22 9 8 7 430 90 0~32
*4 BETESH KS5~FTUrn. TLUEN, FIERBEICRILT
Table 4 Calculation parameters of road resistance BB RRIN B R, BRI LR 1 [ T 48
2] YR fE PREg At 2 S5 £ AL, (04T B 800 1ol 24 IR
W/(m s 3 23 Y 45 YOI L F B 2R 1 IF R R B kA, B
d,/ 4.3 , .
/m 16% 15% J 30% W15 &L & a0 SR 4% B A S5 v
d’/m 05 Pt ) . S —t N N ). . >
o . 7 B T 2 D AT TR ), 3 i 25
g

BLOEISOH LR R, A BT BT, 15040 %

& 10 06:00—08:00 Hif B 17 R} Al
Fig. 10  Travel time from 06:00 to 08 :00

11 06:00—08:00 i} B HF BA ¥ %k
Fig. 11 Queue number from 06:00 to 08 :00
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12 06:00—08:00 H} Bt 4% K At Ak i} i)
Fig. 12 Maximum optimization time from 06 ;00 to 08 ;00

K13 08:00—10:00 B Be47 e i A
Fig. 13 Travel time from 08:00 to 10:00

14 08.:00—10:00 s} B HEBA %X
Fig. 14 Queue number from 08:00 to 10:00

K 15 08:00—10:00 i Bt & KA AL st ]
Fig. 15 Maximum optimization time from 08:00 to 10:00
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B 16 10:00—12:00 Hf By f7# ) [a]
Fig. 16  Travel time from 10:00 to 12:00

17 10:00—12:00 B Bt HEBA ¥ 5%
Fig. 17 Quene number from 10:00 to 12:00

& 18 10:00—12:00 I} B e KA AL I (8]

Fig. 18 Maximum optimization time from 10:00 to 12.00

£S5 06:00—08:00 %22 Rxftt
Table 5 Comparison of route results from
06:00 to 08:00

%6 08:00—10:00 Lk RN
Table 6 Comparison of route results from
08:00 to 10:00

FIEW CFHBAE CFEE RIUHKK

P R BTG R  §/R U1 B 8 TV B = 47/} .22 P

T ATEEE/s HEBAKEC HEBAREE] /s WK T ArEmEs BAKEC HEBAREE /s W
&1 510.54 4.28 306. 61 126 Bl 440.84 3.63 236.91 127
k2 556.37 3.99 261.19 20 B2 478.31 4 183.13 22
B3 611.48 3.69 298.61 4 M3 497.64 3.11 184.77 1
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Table 7 Comparison of route results from
10:00 to 12:00

s SFEBEN PR CFHBI R
T PR HEBAUCEC HEBART /s W
&1 392.62 3.45 188.69 105
B2 416.05 3.89 120.87 23
B3 411.66 2.74 98.79 22

it b AR SO R TSR T A B AL s A AT R B ] S
T 2R G4 4 B % R AT R I 25 0 S 398, o
BT 9.525.13.39 s % 20.65 s, 3iF Bl T 4 ¢
AR DR SR T TR W R
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Real-time regional path decision method in cooperative
vehicle infrastructure system

WANG Pangwei' ", DENG Hui', YU Hongbin’, LI Zhenhua'®, WANG Li'

(1. Beijing Key Lab of Urban Intelligent Traffic Control Technology, North China University of Technology, Beijing 100144, China;
2. China Highway Engineering Consultants Corporation Data Co. , Ltd. , China Highway Engincering Consultants Corporation
Beijing 100089, China; 3. Transportation Industry Key Lab of Intelligent Traffic Technology, Research Institute of
Highway Ministry of Transport, Beijing 100088, China)

Abstract . To solve the instability of the path planning system caused by vehicle driving data loss and lag,
a novel real-time regional path decision method based on the cooperative vehicle infrastructure system (CVIS)
was presented in this paper. Firstly, the current road section resistance value was calculated dynamically
through acquiring the real-time driving data of connected vehicles, combing with the traffic signal timing and
path steering information, and considering the non-free flow situation which vehicles may encounter when pass-
ing through the intersection. Secondly, the travel time of each alternative route was predicted in real time ac-
cording to the current road resistance statistics and the road network topology structure. After that, the predic-
ted route with the least travel time was selected as the optimal vehicle driving path. Finally, the typical region-
al road network data of Wangjing area in Beijing was selected as the test scenario. 150 sets of tested results
show that the average travel time in different periods of the optimized route obtained by this method is 9. 52
seconds, 13.39 seconds and 20. 65 seconds shorter than recommended route of the navigation system respec-
tively, which proves the feasibility of the proposed method.

Keywords: intelligent transportation system; cooperative vehicle infrastructure system ( CVIS) ; real-

time path decision; connected vehicles; urban traffic guidance
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Drive-control modes of six-phase PMSM
KUANG Xiaolin', XU Jinquan®" , HUANG Chunrong’, LI Jiake', GUO Hong’

(1. Beijing Mechanical Equipment Institute, Beijing 100854, China;
2. School of Automation Science and Electrical Engineering, Beihang University, Beijing 100083, China;
3. The Military Representative Office of the PLA in the Institute 206 of the 2nd Research Academy of CASIC, Beijing 100854, China)

Abstract: The drive-control modes of multi-phase permanent magnet synchronous motor ( PMSM) consist
of the redundant mode and fault-tolerant mode. To research the difference of multi-phase PMSM performance
caused by drive-control modes, a redundant PMSM system and a fault-tolerant PMSM system are built respec-
tively based on a six-phase PMSM. On this basis, the influence mechanism and influence law of the redundant
and fault-tolerant drive-control modes on the six-phase PMSM system performance are studied, including the
speed range and dynamic performance. Simulation and experimental results show that, compared with the re-
dundant drive-control mode, the six-phase PMSM with fault-tolerant drive-control mode has wider speed range
and better dynamic performance.
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Table 1 Parameter setup in Experiment 1

Tk EMESE c B8 o HAb 2%
ReOS-ELM 2 x10° L=50
KB-IELM 10 10
FF-KB-IELM 10 10 v =0.999
FOKELM 2 x10* 10 z=50
FF-FOKELM 2 x10* 10 2=50, y=0.999
ALD-KOS-ELM 1 x10° 10 b=0.00001
NOS-KELM 2 x 10* 10 m=50,6=0.01,7=0.8
FF-OSKELM 2 x10* 10 m =50, y=0.999
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%I s ALD-KOS-ELM Wi b 378 ALD Jff 0 o5 2238 B Y BY {5
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Table 2 Prediction results of Experiment 1

UIER HLREY
Jrik

i) /s RMSE i i /s RMSE MAPE MRPE
ReOS-ELM 7.9405 0.0195 0.0011 0.0186 0.0500 0.0121
KB-IELM 8.6659 0.0175 0.0107 0.0153 0.0420 0.0108
FF-KB-TELM 8.6322 0.0153 0.0101 0.0132 0.0375 0.009 4
FOKELM 0.0922 0.0268 4.4465 x 10 * 0.0122 0.0317 0.0083
FF-FOKELM 0.0886 0.0259 3.3145 x107* 0.0110 0.0286 0.007 4
ALD-KOS-ELM 0.1464 0.0112 3.7160 x 10 ~* 0.0109 0.0250 0.008 1
NOS-KELM 0.5650 0.0104 2.4059 x 10 ~* 0.0093 0.0263 0.0063
FF-OSKELM 0.0454 0.003 4 3.5122 x10°* 0.0033 0.0110 0.0023

T ELM fig AR IR AT (X BEALE T 20 ReOS-ELM 1) 50 36 45 R B AR R M BEHLYE , o RS T ReOS-ELM — K 5L 1045 1 o

K2 Xf Mackey-Glass {4 i [A] J 1) 27 =T B I 2R A A 5
Fig.2 Number of learned samples for

chaotic Mackey-Glass time series

B3 ARTTERET & (S8 1)
Fig.3 Learning curves of different methods

(Experiment 1)



1376 B AN I T N N = 4

A fu S 4R

2019 4¢

B4 [y i i T ol £ (5256 1)
Fig.4 Prediction curves of different methods
( Experiment 1)
T[] i 210 #2702k Sz it 2k o dla 13 T LA
A #|,FF-OSKELM 1 g 5 5% , H 3 2 #(k AR
B I 2520 B CUNRBE AR B0 B34, 48 L T oA
T Al RIS — A SRS B 1) B B
P 4 (a) W], BT A7 7 3k R AR B2 RE AT 250
HARRES, ot — 2, dr & 4 (b) /9 J5 8 8 ok B Al
I, AH B HAR U5 5, FR-OSKELM B 5% 22 5 /)N, H
AR S SR ERRE 1. % JEF) FF-OSKELM 5
T A I SO, BRI AR SCHR B9 5 vk T I 1) 4
T BA A 2 AL
4.2 ETESHEHNLHVRETN
AR SCT7 3 B — i W I & T e
GV R FTIN , DASE B TEAIL A S AL B Sk
TORBHPHLAESF 6 4> F 2RI I [, I 46 B B
FZBIPLE RS RS B S A AT E] Bey &

KIS Bk sh LRSI B 5 0 il e ) A8 il 2k
Fig.5 Curves of exhaust gas temperature and oil

pressure of an aero—engine
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Table 3 Parameter setup in Experiment 2

ENf B

e 3t H e ” m 1{E &
KA 2 x10* 5 x10* 30 2x107°
KB WL 2 x10* 1x10° 30 2x10°8
HEAR B 2 x 10* 1 x107 30 2x10°°
HERTERIT Yz 2 x10* 2x10° 30 2x10°°
Tl E 2 x 10* 2 x10* 30 2x107°

6

PRMBER R 2 x10° 2 x10° 30 2x10°

T BI{H 6 2 ALD-KOS-ELM 2%, m g Hoflh 3 A J5 ik i) &
B, 2R T I 18] 77 1
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Table 4 Prediction results of Experiment 2

Ul i
I H Tk

s 6] /s RMSE RMSE MAPE MRPE
FOKELM 0.0068 0.8463 1.4538 3.3427 0.1665
. ALD-KOS-ELM 0.0069 0.7846 1.0205 2.5814 0.1108
Rabl A NOS-KELM 0.0450 0.7108 1.4570 3.4216 0.1675
FF-OSKELM 0.0057 0.6530 1.3041 3.0622 0.1507
FOKELM 0.0031 333.6344 241.7566 627.1551 0.0072
] ALD-KOS-ELM 0.0114 91.3325 167.5005 451.9461 0.0052
ZF TR NOS-KELM 0.0534 156.5575 276.8156 684.5222 0.0079
FF-OSKELM 0.0044 82.9351 132.8739 385.796 6 0.0040
FOKELM 0.0056 4.8593 7.4748 19.7770 0.0125
ALD-KOS-ELM 0.0310 4.1921 5.4027 13.6726 0.0093
HRRE NOS-KELM 0.0388 5.3868 7.6483 20.0210 0.0128
FF-OSKELM 0.0052 3.28617 3.8553 9.6942 0.0067
FOKELM 0.0043 0.1837 0.3211 0.5117 0.008 1
o ALD-KOS-ELM 0.0444 0.0447 0.1604 0.2500 0.0042
AR B NOS-KELM 0.0626 0.2189 0.7010 0.9859 0.0185
FF-OSKELM 0.0047 0.0317 0.1085 0.1809 0.0028
FOKELM 0.0046 0.1115 0.1054 0.1400 0.0309
ALD-KOS-ELM 0.0350 0.0614 0.0407 0.0563 0.0125
L NOS-KELM 0.0391 0.0775 0.0504 0.0757 0.0152
FF-OSKELM 0.0257 0.0367 0.0280 0.0457 0.0084
FOKELM 0.0335 3.3534 7.4560 18.8003 0.0317
N ALD-KOS-ELM 0.0122 2.4193 6.5896 23.6686 0.0244
L LRSS NOS-KELM 0.0574 2.6190 7.6981 18.6679 0.0336
FF-OSKELM 0.0078 2.1632 6.5089 23.3964 0.0241

TE < PR 2 7 3% 10 D00 3o I i) 3% 3 T, 2 RE T L 268 DK 20 T 2k I 7 3R, AN T 22 A D L

6 AET5km I &k (565 2)
Fig. 6 Learning curves of different methods ( Experiment 2) 7 B 2

Fig.7 Prediction curves of oil pressure
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An improved KELM based online condition prediction method
ZHU Min, XU Aiqiang” , CHEN Qiangqiang, LI Ruifeng

(Naval Aeronautical and Astronautical University, Yantai 264001, China)

Abstract: In order to curb kernel matrix expansion and track the time-varying dynamic characteristics
when kernel extreme learning machine (KELM) is applied to online condition prediction, a sparse KELM on-
line prediction algorithm with forgetting factor is proposed. By introducing forgetting factor, a new objective
function is constructed, which makes every element in sparse dictionary has different weights related to times-
tamp and ensures the effective tracking of the dynamic changes. By minimizing the fast leave-one-out cross-
validation (FLOO-CV) error, key nodes with predetermined size are selected to form a dictionary. At the
same time, the online recursive updating of model parameters is realized based on the elementary transforma-
tion of matrix and the inverse formula of block matrix. The proposed algorithm is compared with the recently
proposed three online sequential KELM algorithms. The experimental results of aero-engine condition predic-
tion show that the average training time of the proposed algorithm on six monitoring items is reduced by 7.5% ,
62.0% and 81.9% respectively, and the average prediction accuracy is improved by 44.0% , 19.9% and
50.9% respectively.

Keywords: condition prediction; online sequential learning; fast leave-one-out cross-validation ( FLOO-

CV) ; extreme learning machine; kernel method
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Sensor arrangement in moment-tensor inversion for cracks
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Abstract: The moment-tensor inversion method utilizes acoustic-emission signal to obtain cracking infor-
mation and is regarded as an effective tool to monitor the dynamic growth of cracks. However, in engineering
practices, the signal, got by sensors, is always contaminated by noise. The noise will reduce moment-tensor
accuracy, and even cause completely wrong results. Sensor arrangements are studied to suppress the effect of
noise on moment-tensor accuracy. Based on the first-arrival polarity method, the theory of choosing sensor lo-
cations is analyzed. The sensitivity of moment-tensor inversion accuracy to noise is investigated with different
sensor arrangements by the use of synthetical acoustic-emission signal. The results show that the pentagonal ar-
rangement of sensors is a superior form, where five sensors locate on a circle, the azimuthal angle between ad-
jacent sensors is 72°, and the sixth sensor locates at the center of the circle. Then the condition number of the
equation set achieves a relative small value. When the wave amplitude is changed by noise, the moment-tensor
result is quite stable and achieves high accuracy. For the determination of sensor arrangement in moment-ten-
sor inversion, the guidelines and theoretical basis of engineering practices are provided in the study.
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Table 1 Simulation experimental results ( Case 1)
S A/m Lrcach”' S fw,,h/s t/s
ASMG 0.4622 7.36 10.53 14.94
SSOSMG 0.5186 12.2 21.83 14.91
STG 1.1756 6.65 12.25 14.92
FASTG 0.6160 5.30 14. 64 14.90

K2 SrdiEdd (FIE 1)
Fig.2 Missile ballistic curves (Case 1)

3 WL LB SRRt g (5B 1)
Fig.3 Variation curves of sliding-mode variable and

its first-order derivative (Case 1)

B4 S3km g ig (HE 1)
Fig.4 Variation curves of missile normal overload (Case 1)
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i,
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Table 2 Simulation experimental results ( Case 2)

il S A/m [ T raen”s t/s
ASMG 0.5494 — 20.31 12.57
SSOSMG  0.5662 10.91 21.30 11.92
STG 0.3197 — 20.43 11.97
FASTG 0.8753 1.79 18.98 11.74

BS SpfiiEis (HE2)

Fig.5 Missile ballistic curve (Case 2)

K6 R i R — SRR £ (1578 2)
Fig.6  Variation curves of sliding-mode variable and

its first-order derivative ( Case 2)

Hh it 2 A B SR 1A
KIS 5 E2H L, 5 38 25, H o ASMG

B7 Sk @A ihg (I 2)

Fig.7 Variation curves of missile normal overload ( Case 2)
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Guidance law based on fast adaptive super-twisting algorithm
LIU Chang', YANG Suochang"*, WANG Liandong’, ZHANG Kuanqiao'

(1. Department of Missile Engineering, Army Engineering University Shijiazhuang Campus, Shijiazhuang 050000, China;
2. State Key Laboratory of Complex Electromagnetics Environment Effects on Electronics and Information System, Luoyang 471003, China)

Abstract: A new second-order sliding-mode guidance law with finite time stability is proposed for the de-
sign of the guidance law of surface-to-air missile attacking maneuvering target. Based on the relative motion
model of the missile and the target, guidance problem is transformed into control problem of first-order system.
A fast adaptive super-twisting ( FAST) algorithm is proposed by introducing linear terms and a new parameter
adaptive law in super-twisting (ST), which improves convergence speed without the prior knowledge of upper
bound parameters of uncertainties. A quadratic Lyapunov function is adopted to verify the stability of the sys-
tem in finite time and compute the convergence time. A comparison with adaptive sliding mode guidance, ST
guidance and smooth second-order sliding-mode guidance shows that the proposed method can improve the
convergence speed of sliding variable and avoid the difficulty of choosing parameters, and can guarantee the
guidance accuracy at the same time.

Keywords ; second-order sliding mode ; super-twisting (ST) algorithm; guidance law; finite time stability;

adaptive law
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A method of multi-level manufacturing service modeling and
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Abstract: In order to improve the accuracy of service modeling and combinatorial optimal-selection in
cloud manufacturing, a multi-level modeling methodology is proposed to describe manufacturing services,
which subdivided the service into three fine-grained levels: resource service, function service and process
service. From the perspective of QoS indexes, the relationship among execution, time service cost and user
evaluation for different service levels are analyzed and elaborated, and the corresponding evaluation objective
functions of services composition are established. A niching behavior based gravitational search algorithm
(NGSA) is designed to address manufacturing services composition problem, in which the niche crowding fac-
tor and fitness sharing technology are applied to gravitational search algorithm ( GSA) to improve its conver-
gence speed and accuracy. Finally, the simulation research results demonstrate that the NGSA algorithm can
search better solution with less time-consumption than the traditional algorithms such as genetic algorithm
(GA) and particle swarm optimization ( PSO) algorithm.
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Fig.1 Schematic diagram of GNSS CV signal propagation
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Fig.2 Schematic diagram of one-way time transfer
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Fig.3 Design block diagram of GNSS CV signal simulation process
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Simulation of GNSS CV signal based on channel multiplexing method
LI Bowen'?, YU Baoguo', ZHANG Bo>* , HAN Hua', SONG Wei’, WU Di’

(1. State Key Laboratory of Satellite Navigation System and Equipment Technology, Shijiazhuang 050000, China;

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

Abstract: In the application of global navigation satellite system ( GNSS) common view (CV) technolo-
gy, the simulation of the GNSS CV signal is needed to reduce the cost of testing the CV receiver and the CV
algorithm. For this reason, a channel multiplexing method of signal simulation of GNSS CV signal is proposed.
First, the principle of GNSS CV technology is analyzed. The GNSS CV signal simulation method based on
GNSS direct signal simulator was designed, and the possible errors in the process of CV signal transmission
were analyzed. Finally, the CV signal of the simulation under zero base line, short base line and long base
line, as well as the experimental data collected by an experiment were verified and analyzed. The result of ver-
ification shows that the simulated GNSS CV signal is located accurately and the positioning accuracy is in me-
ter level. The result of CV comparison shows that the accuracy of root mean square (RMS) is better than
12 ns. The time transfer of CV method can be carried out, which proves that the proposed CV signal simula-
tion method can be effectively used to generate GNSS CV signal. It has certain theoretical reference signifi-
cance and practical application value for the development of GNSS CV signal simulator and CV receiver and for
the study of CV algorithm.

Keywords: global navigation satellite system ( GNSS) ; common view (CV) signal; time transfer; simu-

lation ; real field test
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Simulation of plume diversion aerodynamic effect for take-off from
celestial bodies outside the Earth
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(1. School of Astronautics, Beihang University, Beijing 100083, China;
2. Beijing Institute of Spacecraft System Engineering, Beijing 100094, China;
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Abstract: During the return progress of the detector from the extraterrestrial celestial body after sam-
pling, the ascent engine plume flows back to the ascender after the reflection from the launching pad upper
surface, which causes aerodynamic effect and disturbing torque effect on the ascender. Numerical simulations
have been done with the computational fluid dynamics and direct simulation Monte Carlo (CFD/DSMC) cou-
pling method to analyze the plume aerodynamic effect during the takeoff. The influences of takeoff distance of
200 =700 mm and deflection angle from 0° to 5° of ascender on plume aerodynamic effects have been consid-
ered in this paper. It has been found that with the increase of takeoff distance and deflection angle, the torque
of the ascendere has been changed from positive to reverse, which seriously affects the takeoff stability. The
reason of this phenomenon is considered to be that, when deflection angle increases, the impact point between
the plume on the further side of the ascender from the launching pad and the launching pad has moved from
the cone flame deflection to the plane. This phenomenon causes plume flow direction to change suddenly from
close to the launching pad and flow to the side to rebound from the launching pad and flow to the bottom of the
ascender. Eventually, the side of the ascender far from the launching pad is subjected to a higher torque than
the side closer to the launching pad, and a reverse torque is generated.

Keywords ; computational fluid dynamics and direct simulation Monte Carlo ( CFD/DSMC) coupling;

vacuum plume; take-off from celestial bodies; force and thermal effect; flame deflector
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Fig.4 Gimbal angle estimate errors of quaternion model and

gimbal angle model in experiment
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Attitude quaternion continuous self-calibration model of
hybrid inertial navigation system
WANG Qi, WANG Lixin* , ZHOU Xiaogang, SHEN Qiang

( College of Missile Engineering, Rocket Force University of Engineering, Xi’ an 710025, China)

Abstract: As a kind of new inertial navigation system, the hybrid inertial navigation system has the char-
acteristics of three-axis physical platform, strapdown attitude algorithm and installed self-calibration. Based on
these characteristics and in order to improve the accuracy of hybrid inertial navigation system the attitude qua-
ternion is used to replace the traditional Euler angle to represent the rotation of three-axis physical platform in
the continuous self-calibration, and the attitude quaternion continuous self-calibration model of hybrid inertial
navigation system based on the gimbal angle equation is established for its error coefficient estimation. Then a
quaternion unscented Kalman filter based on singular value decomposition ( SVD-QUKF) is proposed by im-
proving the traditional unscented Kalman filter (UKF) based on the characteristics of the attitude quaternion
model. The simulation and experimental results prove that the proposed attitude quaternion continuous self-cal-
ibration model based on the SVD-QUKEF can calibrate all the error coefficients of hybrid inertial navigation sys-
tem with the relative error less than 1% , and the calibration precision and the computing speed are better than
the traditional gimbal angle model based on UKF.

Keywords: hybrid inertial navigation system; continuous self-calibration; attitude quaternion; unscented

Kalman filter (UKF') ; singular value decomposition (SVD)

Received: 2018-11-23; Accepted: 2019-01-23 ; Published online: 2019-03-01 09 .22
URL : kns. cnki. net/kecms/detail/11.2625. V.20190227. 1702.002. html
Foundation items: National Natural Science Foundation of China ( 61503392 ); Natural Science Foundation of Shaanxi Province
(2015JQ6213) ; Aeronautical Science Foundation of China (201501U8001 )
# Corresponding author. E-mail: 17765861219@ 163. com



AL HLF W

20194 7 H t=EM=EMEK 22 = July 2019
Y iFk ?ﬂn .ﬂIL jC—T—.—'Fﬁ . ) uly
a5k HTH Journal of Beijing University of Aeronautics and Astronautics Vol.45 No.7

http: // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2018. 0668

i
i

MR, BATNT, Fa, T
(1. FEPiRHE RS BFXHER, A0 230037; 2. B FXHEEAFISR S, 48 230037 ;
3.0 P E AR BCE 66026 FRBA, 5K 1 075146)

i B ONBEPOBRE(CCT)HE v d THING ERGENE K HIHREH
KW HEB,RET —HETHERXRKETAVAIBHERRELEZ, 82, B CCTHELF X
ERSHEA(IMM) K5 3% 456 6 AL & 8 B0 15 B o IMM B 3% o o 4% 7 B 5 48 [ 384T L i 8
Eo HA,RUHT —MA TEEN Ao B 20 o B & 5k BT, RAE 20 B 20 4 AW 1 &
MHEMEH#THENFE, HREMEEHFNKT, HEEREA,TREEZ-FTEBANT
HHEE RS MEEETRNE T RZ, B R B EEAN PR EH 0.8 R mET0.7; 5 —
E W B B R FR TR RS T B AR AL R A B R A B E AL, A BT A
T, EARKRBERD T 30%, B4 T2 LMK,

jbuaa@ buaa. edu. cn

X B WA HEAR; POBRE (CCT); XEXSEA (IMM); #&HBHE; X BRI

mES %S, V243.2; TN953
XEkARIZAD: A

TR IR T 1B 4 2 F bR R R AR B 45
S 09 A 25 T, B 2 [ R s i AR O A
RS T AL 58 % B b BB O 1 G U X O
HEAT AR L TR, NN H R T
CRETIIMES A 2 A7 T b I — B 18 B)
HARE 8 R 47 4, e B 6 A BL AR %S
{19 GO BN LA S 1 T AR BEE 4 BN 25 BEAE B B
Ao R B S A (O ) T A S R L Bl LA S
GBS A OF SRR R LS, o B BR B ( Centroid
Group Tracking, CGT) % i i i 15 B (9 .o X
T I 2 PR AT B 5, 30 42 2 BE MO /N, S LI
B AR B HR R E

ST TR LU H AR i — 2 B0 e,
ok W 5E H bR B I (E AT RE BT B A — 2R IX
S BT RN JE EAR T AR 22 | IF i 2
WA [ 3B M 2% T 6 0 15 2 5 At PR 26, 7 ek

XEHS: 1001-5965(2019)07-1435-09

IR A A L S o W 9 G [ S Sl A |
AZRPETT o HBEE AR KA LR BLSh,  TB
BRI SRR MELL S H bR I PRz s e 4
VETC, PET TN AT BB AT L5 i, PR 0k b 300 a0 R L
BRI E .

PAAZ 5.2 £ 5  (Interacting Multiple Model,
IMM) 535 IR sh B 2R E IR T4
Y () ) D) 46, >R FR & Al R B2 H ARz SRS .
IMIME B3 2058 8 R 280 % L o E bkt o oAy 32 400l F
EA e SO I IR 1= DA 1 Q71 A S A AN 4
R

BEXF bR R, A SCHE e IMM Bk 5 CCT
SRS R T R B DA B B R MR e
B H, it T 3 aE N O ER T Y
COT ik, BE X HE R AR ) S ok B AL 3, fEA8 A
TR JCHR P T AT IR R, AR SCRIET RE TR A

Wi B 2018-11-20; HEABHI. 2019-02-16; M4 H kA E ;. 2019-03-05 1329
M 2% H AR # ik ;. kns. enki. net/kems/detail /11.2625. V. 20190301. 1613.003. html
EeWAB: HEXAARFRSE (61671453) ; ZRH BARF A4 (1608085MF123)

= BI5{E&. E-mail; bdpeei@ 163. com

Sl : HAH, AT, B4, & HENXRENINAHFEGFRELE[T] X FMEMXAFFH#/, 2019, 45(7) : 1435-
1443. DUM Y, BID P, PAN J F, et al. Maneuvering group target tracking algorithm with adaptive correlation gate [] ]. Journal of
Beijing University of Aeronautics and Astronautics , 2019 , 45 (7 ) : 1435- 1443 (in Chinese ).


qwqw
新建图章

http://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK201907018&dbname=CJFDPREP&uid=WEEvREcwSlJHSldRa1FhdkJkVG1BdXBuM2hZMFFvQldyQUw5TzdSd1ZBND0%3D%249A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

AL LT

I
1436 B[ AT S P NIV NI S S 2019 4
L EE BRI Z BRI 1k 5 COT Bk e & 2) BEXSHE AL — 2D I S IR T

u&%ﬁimmmﬁﬁ B 73 5 AEE AR BIL 2l I Y R
SR PR Dy B 3 N DA B e BB RS oy LS A
UEPHASCR B 1 2% B0 5 A HLBh i H AR R
R BORS BE, HAT S M fEL

1 EBEEXRAEN IMM-CGT &i%
1.1 IMM-CGT &%
CGT B335 38 5 T 53 214 iy e 22 446 54 96 177 P4

DA ARy H s A8 R K5 S0 55 T H O A DA
HC HEAT I o ) R A 3 R TR N — Ik 220 TR O
P70, AN SR R B T T, VRS T P R T
BT, K IMM 3355 CCT B k44, Fl A
LA ] 14 5 ELAE T AT DA S BRATL 3 A R T
BEFL B BREE A, BRI T

B —H i T A H AR R 0 CHLg A, R
ENIOE N )
X(k+1) = F(k)X(k) +G(k)u(k) + V(k)

(1)

K F (k) RE LI G (k) Ry iy A ¥ 6
e su(k) ARG5S 5V (k) g% 24 {8 5 W 1
P X (h + 1) SR rbors i 4 Jr R 245 i i, 6 — 2k 4
WEP,X(E+1) =[x 2 y y]',

RGN 5 T R
z(k) = H(k)X(k) + W(k) (2)
o H (k) 500 R B4 5 2 (k) S Bk 20 386 v 1 6
MAE s W (k) g P 2 W i 0T e, B Z (k)
k2 AR A
Z(k) = {z'(k) | (3)
Horbrom, gk %0 AR AS B

1) RSB 2E 5 AR

BENBERY | SR B BIAY j ARl P,

Herij=1,2,-,N, /\X (k|k)H k BF 2 fEm
g RO AR S A T, P Ck [ k) A 1 IR S
D7 225 e, (k) kI Z0 BRS04 %8, D) =2 1
FH’J(F/BZ%%%JAﬁ

X7 (k| ) = zwmmkm (4)

PY(k|k) =
2 P Ck[k) + (X (k[ k) = X7 (k| k) ]
AU QUG )

X 1 _ l
J—:tqj:#ilj(k‘k):?Pij/"l‘i(k)’ci = Zpijﬂi(k) o
i izl

V”EF%H*@&KmmX%HH&Wﬁ
2% P (k| k) SWLINME Z (k) VE R k iF 2055 j A4

TS A, WTAX (ke + 1 [R)FP (ke +1|k) o 52
ST BN P A A L LR A A
4 =vi(k+1)"'Svi(k+1) <d, (6)
A v (ke + 1) R 20 Ch o+ 1) AR X3 0 A5 0
BN 2k + 1 [ k) BT 540 R —BE B ; &,
Sy AT SRR U — Ak B B 1 B R 5 S, I — Ak )y
ZRE SRR A

3) SR

T 00 0 [ 3z i 0T — B /N F A 4
PRER AR T BRI L E A R T A I T R
W T A R 7 AE LA R TR S L i
BE . THREHRE L 2 (k + 1) FIAMT S

4) BT A% e

A Kalman 3§ B 15 6 8 5 A4 31 B 0 19
VR B v, (k+1) 335 K (k+1) By 2253

Pkt he D) LRAREERX (h+1]k+1),
S) BT
{5 DA 75 30 40 DU 7 6 T b

Ah+1) = —1 exp{-l[vj"‘(ku) :
2mS, 2
Sj"vj(k+1)]} (7)
DKL R A A2 50
w(k+1) = Ak D, (8)

SRS WRTESIL

6) i A
M) FHASE TR ARE 23 XoF 25 A B 0 A 114 g o) A il
L B L E’Mit*%ﬂmﬁﬁﬁifrjv

X(k+1\k+1) Zx(k+1\k+1)
w(k+1) (9)

N
P(k+1|k+1) = 2 (P (k+1|k+1)+
=1

[i’i(k+1\k+1) —i’(k+1‘k+1)].
[J}i(k+1\k+1) -

f((k +1[E+1)]"]
1.2 BBHMEHEK

4t IMM B33 Hh Markov 4% B i 6 2 MR 4f8 5
B fE B A EEE R I A g R

pi(k +1) (10)



557 3

FEWIPE 45 - B OE DL R T AL S B H b BR R T vk

Je AL 4
.

REEAZE T ARSI RSB MR,
[P 5 1) 2 S AL SR A B S B H A iz 3l B XY A 4k
T —E A TR 2 R S R R
XGRS MR HEAT SE i i 1E T . SRk [ 13745
TS AR N R R RE E BETE H Fr 1 55 s gl 85 L i,
RS A R
SCHRL 14 746 B9 45 B9 ME 3R 2 R K I [8] 114
PR, B
P(k=1) & P{M (k)| M(k=-1),Z(k-1)]
(11)
KM (k) B a], = 1,2, -, N, A
M, (k=1)3) M,(k) IR REE, — 25 T0AE
P(k=11k) & PIM (k)| M,(k-1),Z(k)|
(12)
P DU S 3, A (12) "] LR R

}Mk—ﬂk)=affﬁﬁw-1ﬂﬁw(w)

itqj Cl(k - 1) = ZPU(k - 1))%](]5) ?‘?%Uﬂ*

P F 50, (k) a7 2 /AR 4B R A I 220 i A6 780 il
B FES Z(k) I 5AF T 2, MRER %, 1)
Ay(k) = flz, | M, (k) M (k =1),Z(k-1))

(14)
oo fC ) R B BRAGZ (k- 1) FTRER i
B B AT (0, AR (14) 7T AR R
Ay(k) =~ f(z, [ M, (k) M (k-1),

)A(i(k—l\k—l)) (15)

XTI 5 Z Ch) (B 5 5 7 M 251 Bk ] ]
Mok B k+1 A48 R
PIM(k+1) M (k),Z(k)} =

PiM (k) |M (k=-1),Z(k)} (16)
LA, P (k) =P (k=1]k) .

SERFA M i =1,2, N, iz] HER N
Pii(O) =r
{PAO):(l—m/UV—n
A HEELCBO<r<1, & T I 1
o 0% 3 0L, FE SEBR B R, 2 P, (k) =0 B
LI 7E B i AR T AT A B Ak .

2 XEKITBENR CGT Bik
S TV H AR B R P AT
o FURR AT 19 J5 /0 PR 8D, DA BB R 4
H— 25 By o, W5 % PR — B 20 0T B
B — B I A 0 8l 2 B T th B
) 1AL e 25 205 B AL 3l A 3 B 5 OF 26 4

(17)

BLEl , & RS  17] PAA A I H s, A5 Al
THRZEW R P, 7E LB I 20 i ZE R R P T,
PRECSE BN 7% A o LU A9 B 1A 0% 25 R 2 29 N
o, 2% B R AN BT 1 iR o

1R E bRk R

Fig.1 Schematic diagram of losing group target
2.1 EEHNHHBEER KKK

VEXT (k1 [ h) S BERD & b TE b AR S &+ 1
B O . ST 0 1 00 1% 3% /b i 2
W0

V.= eyt Sk |7 (18)
Sl on, S LA O 0 4 B, S 5 R
U 0 sy G 1T TR 7T WL
165 T 97 K27 2T LR GG U 1 647 V8 AR
SRR I % S (k) T4 3, R R A B
BRI 10 B 7 208 S (k) 9647 £ 3 8, B

S(k) = S(k) +H(k)(iM;w)HT(k) (19)

Kb p W TR M. WS R RS
1, AR T8 Sy e R AL Bl 7K P J Xof I A5 3 1) B O 22
R o AR k2R AL BN K P dR ok, B
j=arg max|S(k) +[Z(k|k-1) —z(k|k-1)] -

j=1.2, N

[Z(k[k-1) -z(k|k-1)]"] (20)
p E B BOM BRER ROR B A — € I . 47
pAHIE/N 4 B AR KA BCR B HLB I K i BA
FR A p (EIE I, W] PN Ao [ 9z rt 2 ) BE



Ae At 4R
NEEEE

1438 E AP S IS M NI NI S S 14 2019 4¢
2R, I BB R IR A W AL B R RO R G B R I X R RE A
i"%} DI T BRER A S v, ok 2 MRS A TREARZEI) — R0 E B N LLF

23 S TRE A A 0 A9 20 A5 17 0, A T 5 ) 3R o0
() T B
T T8 W B P 7 2 5 S 1 B R R 25
TE Y HETHE  th TH B 7 22 10 U B &
£ 08 I B 4 % A TR AR AL
B I 25
K'(k) = P(klk - 1)H" (k)[S(k)]"' (21)
B I K o
)A(T(k\k) = )}mk -1) +
K'(k)[z(k) —H(k) X(k|k-1)]  (22)

var[e(k)] = [X(k|E) -

Xk BT TX(E[R) - X"(k[B)]  (23)
i

e(k) = X(E|B) = X" (k| k) = [K"(h) -
K(k)1[2(k) = H(E) X(k|k - 1)] =

P(k|k - l)HT(k){ [S(k) +

P

H(k)(Z

[swnl}uw>—ﬂw>hkk_n]

., Juwr] -

(24)
2.2 S ENHKBEIENKEKR
L) B e
BB HE HARTE R — I 2000 808 2 A~/ e e

JEAT B IMM-CGT 53k 45 4 v, 4 1 g — 25 000
F AT Y [ AR by Ao B DN T I A SRR TR
R 0 W i A5 0 A T8 RS i e (8] 33 5 [N
L, A Fp L B — 28 PO W] RE B e 0T R — 2 A
B AE S FTE I, 53— 23 B A AR AT BE TG ik
AT, BT LA S I 1T P o 0 5 R Ol o AT Ik 52
P 308 IR L A s P 2 A 118 P TR A 1) 1 R —
ORFE RICHEROHES] T o SR 2 0 A I
AL P, m] LR B H AR B Al 9 22 fl
AR AU 23 B AR o 47 I — I 2% (e
B (L, DU D B O3

2) FERlIy

R 235 B e, A ST b 291H (h-means)
R Ko BT B RBERI D 7 A o BEREAT B
BB BT

B WIBERE/DEEAE no

FB|2 EFEREP O, EHFBMBEEE

JLAP - (DBELE £ 2 W 1] 35 v i 2 — B G A
BLAREPL, QI RRAMEE 1 AHREP
o R BE G, DA R 32 % i B X L ) A D 5 2
ANRFEH L. ORI A REIHT 2 AR
BB, 2 AN BB AP B/ IMELAR D % B R 2
ARG BB AR B A R R
EREE 3 RO @LAEAE, 58 iR K
TNNOEIR Rl

FB|I MRIEREN S AT RO m L
BB n Ao fE s TR SRA L 1A R 5 ik
LA R R B ST A L D R, X T
Iy I RO AR, A R AR (k) e | e B S R A
BBl FRAER AT 2.1 95 J5 vk A& W A B T

il HOE N ORHR BT IMM-CGT 53k i
P A 2 FroR o

B2 3R SRBR ] IMM-CGT 553 I 2 ]
Fig.2  Flowchart of IMM-CGT algorithm with

adaptive correlation gate

3 fEXE

F)F MATLAB 1} B %4 3£ 47 Monte Carlo 5C
50, 0 E S B 1 A AT RAOME S 0 5 R 1 EAN i B
K HTBR ER AL TH 09 X 07 iR 22 (RMSE) | 2k B 38 0
V- XA BRI AR K RMSE & SCH

E(k) = /zbwkm—iwkﬂz (25)



557 3

A fu S 4R

FEWIPE 45 - B OE DL R T AL S B H b BR R T vk 1439

X H N, B Monte Carlo ff§ B K B x° (k| k)
x (k| k) 351055 ¢ WGBFTIt b I ZIRE bR ook A
M ECSHE RIS THE . BARIRSFEA LG e U

FE X BN H bR 5% R UOR S 0 B UCBU EE
o GBSk AREERPIA BT RZE A, B
Tk 2R BRAGHIN MR A, L WU SE S SRR kT A R
Hik,H
A, = A+ AT (26)
KA, A, 30k x By T b A B AL TR
2o ky B4 A, BUR AR MEZE /Y S %,

B Ak I A i R R A R R R oA,
AR I B 22 RN £ B U BORR SR AR R B T
¥y, i N AR A

N N
- | m Ny
n = 7NmN>; ]; n,, (27)

N, S HLIR Monte Carlo 52 5 vp (9 £ 3120 %45
nL,ﬁE% i 'k Monte Carlo 325 |25 k /R FERT
ZNRTRET TN A 5k D ) Ht
3.1 (FEEH

PR ERH1 8 AN H AR M HE H Aw, BErh & H AR
(0] 46 62 & 7 (500,1000) m Kb FEHL™ 4, % H bR
¥ i) B AE 150 ~ 300 m 2 fi) , BEHL K AL S BA , H b5
1 x-y V1 Nz 3. KIS P, =0.98, [THER
P, =0.9997 , SCHRPLT T T TBRAA v = 16, B 15 22
100 m, RAEMFE N 1 s, {7 Hiz shinf i)y 90 s,
Monte Carlo {7 LUK BN 50 W 78 U P id B vh ™
EBALI A I, WD UG A% R A =10 A /m”, IR
e % 18] RN v 38 20 A, A B TR AR 0 A
IMM 5 114 5 0 4 5 e 2] il
CV) 1% %I F1 3 [7) 5% %5 ( Coordinate Turn, CT) FL Al
153 3 A (300,100) m/s, 25 34 %l 5 rad/s, 1B
MY RBCE MR 1R,

( Constant Velocity,

®1 EHGR

Table 1 Motion scenes

Pl g BLEh I 2 X A7 K
t=0~30s,5]

t=31~60s, £ 5%

t=61~90s,%5]#

t=0~34s,5)#

t=35s, BEO0

SrBE1.t=36 ~45s,5)# ;1 =46 ~60 s, /i k%
SHE2.6=36 ~60s, 155

3.2 EEkMEsExTLE

1) IMM-CGT & k% 68 0 #r

B3 hZe S EE A =10 °/m’ B IMM-CGT
R R AR AL S Aoy B ML sl 3 = R B8 sl

B

SrE B

K3 IMM-CGT 55 ik B 5 1 fig
Fig.3 Tracking performance of IMM-CGT algorithm

LAt o

M3 (b) #(e) nT LA H, 248 IMM-CGT 55
TR R B IS A FAR IR, R e A T D
fi] F AR B — I3 T AN B A% 0 B R o

2) FEIT BRI B BR R

Pl 4 S A SCHE I X R o
BRER o

HIE 4 (a) /T LAFE , t T4 COT Bk e
FEP B A T BT AR =42 s 1)
SEA T BTN B bR R A R8O T U
PEAT RIS BRI o p P 4 (b)) AT U HE AR SCHR
[ IMM-CGT 53325 BE W X 73 FE 0E 47 v 1 119 BB

i 5 R I K



1440 b5 M = MK k% F M

A A

2019 4¢

Bl 4 de oy s R 5 B

Fig.4 Separation detection and tracking of group

3) B I A RS M Y B M RE A

Bl 5 2RI B A =107 A4/m” i [f A 45 7
B R ML 5 AR SC A 3 SRR B PR RE X FE o

HIE 5 (a) FI(b) AT LA A0 T2 S [
Fe MR RSO L RE AR H AR L 3l 1 38 B
R HEER TR SRR AR ki
SR A 3 (1 SF- 35 {5 Ry 0. 58, T 7E A SCHE i
PR E 0.7, A R D 1AL ] A F 58 4, i
KIS () ml LA A TR 2 o T IMM 533k
A By A7 A 35 A5 TR 1) $8 1F () 65 i 1) 1R AL, O B
P M 22 10 B0 0 o B2 AT ) S A X — Bk, R B
BBl 220 B 5% 28 AR 85K o

4) B IE SRR B R B BE o A

Bl6 NG i 115 A & I o B 1] A A B
vt R 22 K H A5 B Al 3 5 a0 v BE X HE .
2N 3 AN AR BT AR T S
I R S5 BB 1] 7 2R R R e S 2 A A0 T R
XS EE

HIE 6 (a) AT LRt J 5 A 28 I 52 I B
P IR W80 T WL Sl 20 ) S 800 2% 2%, e LA
TENLB I 20, A XL e [ 2 e 1), Al iR 22 A 1 W)
ARG NIET 6 (b) W] LAFE Y, 38 N R HR 1)
19 IMM - CGT 53 35 Xt A P4 H s B 6t 10y il 3 3 4%

B S B3N AR S T B AR R L
Fig.5 Performance comparison of adaptive and

fixed transition probability

AT T SR T A I R A A o0 A AR
b R 2 K 3 Kl T LUA 1,2 MORE
F1% G R 25 0 Y- 25 A A5k I 0 4 I A 10 TEE Y
S AR A R AR B I R R
Wl THY S E I REA AR R BR =

5) AN IRV R USRS R B 1% 2 1) 52 W

ARV TTTOR UK o7 B A T (19 RSME 25 2R
WNEL T s BT AR G 2 ORI AT LA
/D TR E AR AL T ol ) 2 K N BRER R 22 5
{FL 50 T 1RO U RO 3 58— JE L, S 1T IR A
B, U, 2% PO Al 3 0 9 S R KT



%7 W FEWIPE 45 - B OE DL R T AL S B H b BR R T vk

Je A4

1441

TRME IR, I B BRI 22 4 K. T

IRAER TR R p =2,

Bl6 & NS ]9 1 GE i ]k g L 4K
Fig.6  Performance comparison of

adaptive correlation gate and traditional gate

R2 FAEARKBFETHRRE
Table 2 Tracking loss rate under different

clutter density

A/(107°A - m ™) EEENREERT/ % RGEMITT/ %

1 1.50 2.40
2 2.47 4.40
3 3.73 4.51
4 3.84 5.13
5 4.40 6.47

®3 FAEAXREETHEHERENRE
Table 3 Average effective measurement number

under different clutter density

A0 - m~2)  HENRBEMIT/ % LG/ %

1 8.0889 7.9778
2 8.3333 7.6556
3 8.1778 8.4111
4 8.4111 8.3667
5 8.6222 8.3111

B 7 ARETTHOR B Al iR 22

Fig.7 Estimation error for different gate enlarging times
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Maneuvering group target tracking algorithm with
adaptive correlation gate
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(1. College of Electronic Engineering, National University of Defense Technology, Hefei 230037, China;
2. Laboratory of Electronic Countermeasures Information Processing, Hefei 230037, China;

3. Unit 66026 of the PLA, Zhangjiakou 075146, China)

Abstract: A new maneuvering group target tracking algorithm based on adaptive correlation gate for sol-
ving measurement loss and increasing estimation error of centroid group tracking (CGT) algorithm when track-
ing maneuvering group target in clutter is proposed in this paper. First, CGT algorithm is combined with inter-
acting multiple model (IMM) algorithm and the latest measurement information is used to modify the transition
probability matrix. Second, a new adaptive correlation gate is designed when tracking overall and split maneu-
vering by the covariance of model innovation to guarantee valid measurements existing in the gate. The simula-
tion results show that the proposed algorithm decreases the estimated error of traditional IMM algorithm with
fixed transition probability matrix and increases the probability of dominant model from 0.58 to 0.7 on the one
hand. On the other hand, the loss-target rate of adaptive gate designed in this paper is reduced by 30% com-
pared to traditional gate on account of decreasing valid measurement during target maneuvering. The proposed
algorithm has a certain practical value in engineering.

Keywords: group target; centroid group tracking ( CGT) ; interacting multiple model (IMM) ; transition

probabilities; correlation gate
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Tracking control for a class of nonlinear systems in feedback form
YU Jianghang, XU Jun", HUANG Yuke

(School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: In order to achieve the control of a class of nonlinear systems in feedback form, the system is
studied. First, according to LaSalle’ s invariance principle, the convergence of a class of autonomous systems
is proved. The error function is introduced, and the Lyapunov function of the error function is used to find the
controller which makes the error function asymptotically stable. Then, according to the lemma, the trajectories
tracked by the system states are all converged, so that the system states are bounded and the output of the sys-
tem converges to input. The condition and the proof of the stability of the closed-loop system are given. Final-
ly, an example of longitudinal dynamics of an fixed-wing aircraft flight control system is presented, and the
controller is designed according to the proposed method. The simulation is verified under the Simulink module
of MATLAB. The results show that, for step signals and sinusoidal signals, the proposed controller can enable
the pitch angle of aircraft to quickly converge the tracking command.
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Abstract: To solve the problem that the random error of the measurement data in the cavity transient heat
transfer test is amplified by the differential process of data processing, the influence of random measurement
error on the heat transfer characteristics is quantitatively analyzed, and the suppression method is proposed.
The results show that the error of the convective heat transfer characteristic of the inner wall of the cavity is
most sensitive to the random error of the transient temperature, resulting in high uncertainty of the test results
of the heat transfer characteristics. The improved empirical mode decomposition (EMD) algorithm can be used
in data differential process to effectively suppress the influence of random errors on the heat transfer character-
istics. In the cavity inflation process, the maximum error of the heat transfer characteristics of the cavity wall
surface decreases from 129.07% to 63.62% and the time average error decreases from 25.24% to 8. 12%
with the usage of error suppression method.
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Translation compensation and resolution of ballistic target with precession

HAN Lixun', TIAN Bo', FENG Cungian'** , HE Sisan'

(1. Air and Missile Defense College, Air Force Engineering University, Xi’an 710051, China;

2. Collaborative Innovation Center of Information Sensing and Understanding, Xi’an 710077, China)

Abstract: The ballistic target will cause superposition and folding of the micro-Doppler curve when mov-
ing in the midcourse at high speed, the traditional translation compensation method is not suitable for ballistic
target translation compensation. After analyzing the frequency characteristics of each scattering point at the
precession, it is found that the frequency at the intersection of the curves is completely caused by the transla-
tion. According to this property, a method of using the time-frequency image intersection information to per-
form translation compensation is proposed. First, the time-frequency skeleton image of the echo signal is ob-
tained, then the Harris corner detection method based on bilateral filter is used to extract the corner points in
skeleton and the intersection coordinates in the time-frequency image are obtained. Finally, the coordinates of
intersection points are used to estimate the translation parameters for translation compensation. For the problem
that the traditional Viterbi algorithm is easy to generate false correlations at the intersection of curves, a seg-
mentation Viterbi algorithm using intersection information is proposed to separate the compensated time-fre-
quency curves. Simulation experiments verify the effectiveness of the proposed method.

Keywords . ballistic targets; micro-Doppler; translation compensation; corner detection; Viterbi algo-

rithm
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g AT 75 2 AL RE 9% 78 1 i 1R R b P
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TR REB A B

1 RBERHFELRHRE
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SEXLEO TRMAGH M TRER N S=1S,,
Sy, Syl L DEREE N N, K& TR M 45 B
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Ay Ay b TR R 7 I E S, X
TAER LA S, A4l 46 16 ] B 20 2R 4 21 5 A []
DX I8 Y T RO AR BT IR I, ¥ SRR W RB(S)) =
[RB,(S,),RB,(S,),,RB,(S)} ,L K%L
BHAMFEESRHEH AL E R BERRB,(S,) B A
i) J& 1 Time (RB, (S,)) = T—T" 5 =5[] J& 4
Space(RB,(S,)) =A, , R & L2 TR S, 1E1 1]
BT, 7)) ¥ RAEEM A, X B8 & AR A7 R
RB,(S)

AR SCAE S — i — B TAERE K, B W) — B
ZVL B — 05 b T oty R 1 R TR PR B
E R (Cooperative Satellite, CS) , 344 K —4T
A B TR FR 24 R B AR TR ) kR P4 TR
(Inherited Cooperative Satellite, 1CS) , P 1% 4k 7K
% R 0] PAFE R A ICS = Inherited(CS) , B 1 &

CS—ICS

B BS W B[ T, T,) B A, 3t 38 2 ek
AR AT UM E TR CSTE ik 4R ik i, ESHE L BT

I EEEURE T s B
Fig.1 Schematic diagram of remote

sensing data downlink
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S* = arg{A, = Space(RB,(S")),

[T,,T,) € Time(RB,(S"))} (1)
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A, eA,Yme (1,2,---,M);[T,,T,) ARG M
MR — WA B, BARS g, w5 TR AA R
JE 14 B[R] Jag M R s [] Jeg P ) o SRR B R e, IR 4 1%
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CS-ES [y /2 3 8 # 25 %05 L 1CS W] DL B 2 3% 42 b
T, /B 3 TS 9K B B Tk T ol Y A% e
Ao, M AR 09 N AT L o R A v . 2R T
R AR 4 2 T A T R 22 MR 55 I IR] e K
PR i vh ik, LRI 8 DR TR E A7 Y B e A
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Fig.2  An example of continuous data downlink
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of Transmissions, ENT) f& #y i} 9 55 ¢ 22 IR 45 B+t 6]
TR AR R A AR o
2.1.1 FRIAAE 4 R 3
PG RO, S 5 R BG4 A
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S, PR A BT e AT, AR Wi R B AR
P&t UL B AT B BOBCE A RO B Dy o i 2R
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ST RS H IR BN R A M AE S H . R
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— 2% it ) Ui AR path 19 ] B2 4% By B 41
B 1 & 2R B 8% S, 1) T A% o TR Bl A
ENT,,, = Z ENT,, (4)

S;je path

2.1.2 B7AEALH A

TR T AT 2ok R b e G T BRI A% i A
PR AR ST T 1 5 Hh e SR A IS A AR Sy 32 B Y
B EERE . Sy p UYEERG S, LR LR R
SIS IE D A5 KK BAE size (p) /R, A4 I 4E
d;/c FHEBNETEE size ( Z q, )/Rij , Bl

qi€Q
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size(p) i =0
Dy = gttt (5)

X esize (p) 7024 p K/ R OWBERE S, 19 B4
KR A d O HE B S R s e O Q A
T4 p ZHTHBE R NS RAF KL . I SE A A AT
T, B O st B st B AR B AE B SRy S R AE A
A

Dpalh = 2 DsU (6)
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2.1.3 RZEHFLIRSHG 0N

I AR 1 2 R 55 I 18] 418 — 2% S 31 i % A8 BE S
G TR S AT AL i a9 I ], — ol — R
2 [ — i 20 077 A — MR TR R TR 1Y
S B L A A R AR, TE vk Ak 4R IR R AT

14 e 55, i B 5 4 R PR T 1Y AR AR A R] E
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) 55 B¢ 1) A A 1 T LA 5% 6 A7 %0 (Link Va-
lidity Time, LVT) iy & , ¥ A2 [ 5 % 14 A 25000 2
Shy A S TP P T ) B R A R R I D AR
SO0 D) 5 5 4 5 B TR R B 1) A A P A
M TR A R B P as A L, Rl LA 3 A2 1A g e
S;HIBE B A BOW LVT, o B 4% path 194 %00 th 44
I s A ) A ) 1) A A0 1 e/ DR
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P .
S pat
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Fig.3 Format design of RREQ packet
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Fig.4 Influence of network load states on

algorithm performance
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An on-demand data transmission mechanism for LEO
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Abstract: Aimed at the shortcomings of the existing data downlink mechanisms for low earth orbit ( LEO)
remote sensing satellite, such as low effiency, high delay and vulnerable transmission path, a new remote
sensing data transmission mechanism was proposed. In the proposed mechanism, earth stations were supported
to locate remote sensing image resources in real time on demand, and in the process, the transmission path
from the positioning satellite to earth station was established. Taking into account the limited visual time be-
tween the cooperative satellite and the earth station, when transmission path is established, a routing algorithm
was proposed based on the maximization of the path persistent service time to reduce the transmission delay
caused by the change of the cooperative satellite. The designed data transmission mechanism was implemented
based on the NS3 simulation platform. The experimental results show that the proposed mechanism can reduce
the data transmission delay and data loss compared with the existing data transmission mechanism.
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Fig. 1 Dimension of Petersson three bending beam'"?!
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Fig.2 Load-displacement curves at loading point
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Fig.4 Type of impact loading!"’
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Fig.5 Strain-time curve at measuring points
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Fig.6  Sketch map of pavement structure
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Table 2 Numerical simulation parameters for

pavement structure layer
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Fig.7 Loading curve of FWD
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Fig.8 Sketch map of initial crack

position and length
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Fig.9 Sketch map of initial crack position
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Final crack produced with different

initial crack length
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Fig. 11 Settlement-time curve at loading center with
different initial crack length
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Fig. 12 Pavement deflection basin at moment of maximum

settlement with different initial crack length
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Fig. 13 Settlement-depth curve at loading center
at moment of maximum settlement with different
initial crack length

A S o ) R REEE R A AN [R] 32 2050 0 1 J2 =
PLUR 255 A8 K P TR BE 1 )= J5 B2 S A (K F JE
UL EYE D K £ R R AR . H S
BAE O S TR I R AR B, B AR BRI 2
SWZEE h W 7k 179176 F12/9 1, UL
Rebl R M2 LT — 2, HAEX 3 s o0 T ot
BEXRT 1/h g 1/18 IR UTRE
3.2 MB/ANEMEWNARETROZI

TREFHIIE MK L | 5T )ZEE b LN
L/OAAE W10 455 55 far 800 T oL B RS b 54
S B L b/B 43 %A 0.0.05.0. 10 F1 0. 15 3%
4FEOL N R AY R REWME 14 s, W
P LATRT R, Bl ) I SR 4 37 5 i 80 T v B B
OB, B 9 TR il LA I B B i . )
U6 5 BE BB AR A BAE RO IET 7R 0/B =0
I, 259 i B3R Bk 1 JE 0, B A K YR TR B 1
BT AR T BTV 2R 5 B ) B 2R A G S A A
PERIHR G B AN ) 46 B8 L & b/B 2 0. 15 I,
Mg NP B T 13 Wik EE L.

15Ca) FIEL 15 (b) 73 545 T 8801 46 1o



1478 b5 M = MK k% F M

A A

2019 4¢

K 14 R [ hn 255 0 B i A 0 e 1 4 5%
Fig. 14  Final crack produced with different

initial crack location
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Fig. 15 Settlement-time curve at loading center with

different initial crack location

R NETIEE e %0 o JTTRU B R = A (DEE I ARl
UURE I 7 i 22 LA LR 0. 16 s {4 17C A I 7 Y 28 ik R
Blo i 1S mTRD, AN [) 40 e 2R o7 B ) A 800
HR s A R R I R b 2 AR AT S R
A TRE . [EHEWI Uk ZRAE 75 fr 200 T
o B A R 0, A 28R P P A i R DT o A e
LR RG22 22 3 DB 5

P16 AIEL 17 J7 78 7350 oA of e 28000 T o 0
I B i R W L T o N S T 2590 7% a2 LA e T e

B 16 S[FI4HR 2 S0 B W F 0 A I 220 B T 25990 4
Fig. 16 Pavement deflection basin at moment of maximum

settlement with different initial crack location

P17 O [l ) i 8 80 o e (1 L R I 220 m 286
HhC s T IR I R A Al il 28
Fig. 17  Settlement-depth curve at loading center
at moment of maximum settlement with different

initial crack location

BETRE R A2 P 2k o i 18] 16 FIIE 17wl 1, ULRE
-5 7 28 T o B 8 T T /S B A ) 3
TS S 3 g A B o A By G L AN (] 32 R i A
PERIH G 1 m S8 BB N B TR A 52 e, ELS 1R DR
(9 PR A K A L R4 R T

4 £ ®

ARSCE AR R vl r B0 T 35 00 4 248 1Y
IR YR TR B L B TR ) B A e AR o R A PR
AR BT, B G 2 BE A DU 2 > 22 i Y
Py HI HEAT FEXT i 5E T AT AR R K U TR BE
SR TEBCHEER B WRSE T AN R0 IR 2R 4R K RE AL
LI K PR TR - (8% 1] e 28 7 TR R4 KR A 2K
Vi A FR O AR TTORE LR TR B8 0 A R AL o

1) oot r 80 T 7K 98 15 € L 3% AT 14 TR
IDE S S RUIG rR = A (RN 2 S VO o7 2 B
WAL , SR Je P [0 3 — AR RE . /K D8 T 5 - %
T AL R 32 2R T TR A K b T R B i R
o TR UEIR BE - % ThT 1) T e B 5 o o 7 2804 T o



557 3

B , 55 - & 00 i 24 48 7K e TR U5 L B TR X e o 7 288 ) 7 23

e R

T
e |5 1479

N ERESRORS NI TRV AN i R R )| I = B
(RS

2) IR AR KR B AN [R] 3 5 Y O 1=
PATT 245 A% 7K 8 18 e - 11 2 5 148 0 FBL N A K =
R AT AT o B W) dh 2 AR KR I K, K
TRGE 1 B T A IR T S B R 2 AR
5 10 JZ 5 JEE 1 LU 3 e — i oK R TR B - B i
ST REE

3) IR YT BE 1 3% 11 fe 47 1 SR BE KA
LG 32 B A0 i 2R 5% 5 47 2800 FH P 5 1) 68
W/ o A0 BB A IS B AN [R5 T i 4
PERT R Tm 30 R A 7K Y8 e 556 1 ThT A F) LR

2% 3k (References)

[ 1] MER,CPE, H/ME. 7K U IR BE L 8 155 5 50 47 i T

TSR] B fE B ,2008(30) : 125.
ZHENG Y M, GUAN Q C,DAN X L. Characteristic analysis
and construction technology summary of cement concrete pave-
ment[ J ]. Science & Technology Information, 2008 (30) ;125
(in Chinese).

[ 2] Aoaut, S, . whb fif 2R 7K U8 56 bRk o o 53495 B
FL[1]. IR %E 1 ,2018 ,342(4) :18-20.

HAO Y H,FAN L, HAN Y. Study on impact damage of cement-
based materials under impact load [ J ]. Concrete, 2018, 342
(4) :18-20(in Chinese).

[ 3] Wonie, e, FR I 5. /K e IR E L 8% 1 48 18 J5 58 i BF 52

[J]. A m B TR 2 2 4R (A AR B 22 ), 1999,27 (6) ¢
123-127.
LUO L F,ZHOU J C,ZHENG G L. Research on maintenance
methods of the old cement concrete pavement[ J]. Journal of
South China University of Technology ( Natural Science) ,1999,
27(6) :123-127 (in Chinese).

[ 4] S K eI BE L B i T 2L R R AL D .
- 7Y R 3l K A ,2003.

WU G X. Study on cracking mechanism and failure process of
cement concrete pavement[ D ]. Chengdu: Southwest Jiaotong
University ,2003 (in Chinese) .

[5] m¥. BTy sEa S T (FWD ) foF 1 2 0 55 i 1 45
FIPEREIT AT [ D). 5 R« Il AR SR % ,2016.

GAO Z. Semi-rigid base asphalt pavement structure performance
evaluation based on falling weight deflectometer (FWD) [ D].
Jinan ;: Shandong Jianzhu University ,2016 (in Chinese) .

(6] B BRAEWR, 7%, 4. FWD fif 2075 R 89 9 74 3% v 5 0

B N[ T]. A B A E AL ,2014,31(2) 1-8.
XIAO C,QIU Y J,ZENG ], et al. Study on measured dynamic
response of asphalt pavement under FWD load[ J]. Journal of
Highway and Transportation Research and Development,2014,
31(2) :1-8(in Chinese).

[ 71 BJ5. whdi i 200E R IR BE L B m a5 70 AT [ D] 1 /R
B M IR IR Dol R 24,2009,

FAN H C. Analysis damage of concrete pavement under impact

loading[ D ]. Harbin: Harbin Institute of Technology, 2009 ( in

Chinese) .
[8] RRm. ¥ RAREITCE Fie WA ERF[M]. 65 i
AR R AL, 2012,

YU T T. The extended finite element method-theroy , application
and program[ M ]. Beijing: Tsinghua University Press,2012 (in
Chinese) .

[ 9] WBWsC. iR BE L 3T 3l g AR 2R 1 Wi 24 5 3t A6 s 3 L Je A
BT D], JLat - i ,2010.

PAN J W. Nonlinear static and seismic fracture analysis of high
concrete dams and modeling of radiation damping for foundation
[ D]. Beijing: Tsinghua University,2010 (in Chinese).

[10] W], WhAH BRE, FH 3. oK 8 IR BE 1 2% 10 A £ 2000 ) 43 17
[J]. 288 ,2002(8) :15-18.

TAN Z M,YAO Z K, TIAN B. Load stress analysis of cement
concrete pavement [ J ]. Highway, 2002 (8 ) ; 15-18 (in Chi-
nese) .

[11] 3 E 3 ATLE 3. 3 F XFEM 1R 5 + JT 24 508 B 0F 5

[J]. R 28 K22 4 ( A SR BF 22 i), 2009,28 (1) ¢
36-40.
DONG Y W, REN Q W. Numerical simulation of concrete
cracking based on XFEM [ J]. Journal of Chongging Jiaotong
University ( Natural Science ), 2009,28 (1) :3640 (in Chi-
nese) .

[12] PETERSSON P E. Crack growth and development of fracture
zones in plain concrete and similar materials: TVBM-1006[ R ].
Lund ; University of Lund,1981.

[13] DUJ,YON J H,HAWKINS N M. Fracture process zone for con-
crete for dynamic loading[ J]. ACI Material Journal, 199289
(3):252-258.

[14] REN X F, GUAN X. Three dimensional crack propagation
through mesh-based explicit representation for arbitrarily shaped
cracks using the extended finite element method[ ] ]. Engineer-
ing Fracture Mechanics,2017,177 :218-238.

[15] MOTAMEDI D, MOHAMMADI S. Dynamic crack propagation
analysis of orthotropic media by the extended finite element
method[ J ]. International Journal of Fracture,2010,161 (1)
21-39.

EER:
7= I e o 1/ EO= e 1 B s N ) R L =l N N e 4 1)
HIEIR o

EWE LWL AR, B AR Ry B
B 13 i 4 ThURE TE i TR S ) B R AT

BB L WL R BR L B LA R, RS T
B LR R E

BEE F, WL A EER, LR, BRI TR
SHL BAEL LU A0 AT IR B 2 ) 2 2 BT



A fu S 4R

1480 b B = R KR 2019 4

Dynamic analysis on cement concrete pavement with initial
cracks under impact loading
CHEN Yang, TONG Zhaoxia® , FENG Jinyan, GAO Zhengguo

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

Abstract; The effects of impact loading on the failure of cement concrete pavement are significantly dif-
ferent from those of traffic loading. This paper investigates the characterization of cement concrete pavement
with varied initial crack length and location under impact loading. It is found that the final crack length and
settlement generated in the pavement increase with the increase of the initial crack length and decrease with
the increase of the distance between the initial crack and the loading center. The penetrating crack is produced
when the the ratio of the initial crack length of the pavement to the surface layer thickness exceeds one certain
value. The deformation of limestone and loess layer below the surface layer and in the range of about 5 times
thickness of cement concrete layer is affected greatly by the initial crack length. The initial crack length and
location play a significant role on the settlement of cement concrete pavement within 1 m distance from the
loading center.

Keywords: impact loading; cement concrete pavement; crack; settlement; numerical simulation
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Fig.1 Full life cycle assessment system boundary of CNG/gasoline bi-fuel vehicle
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Table 1 Material composition ratio of each

part of vehicle

SR LR A CNG flt L RZge
MR WBl/% MR /% kR L il %
LEr 62.3 4 69.0 4 66.7
ek 10.9  fiiR 7.9 BEIELL 25.0
R 4.6 WM 6.1 Hfg 8.3
gz 2.2 BEEEL4E 2.1
el 1.9 K 14.1
i3 2.9 Al 0.8
BIK 2.3
A 11,1
HAlr 1.8

2.2 FEMHFEMER

VR 2 B B FE L RE AR RE,
S5 R4 AN [R] X B 7R HE W 2 A B S W AE L 4%
2017 AR B SEAE DR 2 5 . TR i B
BeE ARBTG5 R HE B A FE B B AN 4%
EEERF R RE L ARRE T T T T FE B R AR 4l 3
BRL17 T e e LB AR AN SR 2 o .
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Table 2 Electrical energy consumption of vehicle

main components during manufacturing phase[”]

HR A it/ kg LB/ MJ
CNG TR 5 70.0 366
L 16.3 18.1
KL 125.4 1395
%5 384.6 1480
il 73.9 15.6
2 24.9 183.4
A5 87.5 606.3
il 3 & 58 38.1 140
eSS 22.2 142
BRASL 40.8 1.99
K 41.3 29.7
i 40.8 95.9
i3} 39.9 128
AT 24 50.6

2.3 BERREENMER

A0 20 2% 2ok AR v T A TR MR A i e R
123 MR A h T IR E AR R R Y
REFE F1HE 75848 XE DR A5 L X A 45 2R 5 ) 4%
AN TESC IS AN T o IR AR R A A R £
REVRIY RE AN R U (2. 72 MI/kg) R IR i K
ARG W] (2. 18 MI/kg) ({18 (2. 03 M)/
ke) HEHIEZ (0.45 MI/kg) 5 (0. 61 MJ/kg)
A ] He 47 25 < (0.9 MI/kg) o | T W6 348 9 R 3
P e TR 2 e v 2 A R T e TR, A R R
— 5% CO ik it 2 0. 022 4 kg NO, HE i
0.026 8 kg .PM, (HE il 4y 0. 06 kg 4% & VAT HL1L
4%y (Volatile Organic Compounds, VOC) HE it £ 4
1.6kg"™'
2.4 ER%MEHER

il TR 48 B B £ 2T AR CNG R, 72 1 i
WA CNG A FHRm By AR T 3 5 1, R0
I CNG b 3 4 e 26 FI GaBi $U38 & v 9 o [ 4%
i, B8 B 6] % B T 2008—2017 4, CNG 74
PR R E AR KRR R A4 2 i iR,
KIRTIP RS RERERE S HEHOR B GaBi %8s %8 5 R
B4 i AR R T LR 46 07 =X, B 37 05 oK R
RIRESE % 20 ~ 25 MPa FE# 0. 72 MJ'7 . %
ZEAEAE AR AT CNG AR Sy RIS 14 75 4 490 ik
RN 3 PR o THC 3% R M B S AL

R3 WHIREES KSRy HER R

Table 3 Exhaust emission ratio using two fuels!*?'!

g/km
Py CO, co NO, THC
TR 171 5.05 0.35 0.16
CNG 121 1.24 0.44 0.32

ay.

TE 7 R 4R A B B, A% SCAY 5 1 — 6 00 25 J 39
P B S B S R S TR B R . O A 7
VAT T 0 A5 04 U A S e 0 R . L
(7500 km/ ) il 33 (20 000 km/ ¥ ) A5 46 i
(60000 km/¥%) ¥ H#1# (30000 km/¥%) ., H T
WA 32 N S35 Wi e K, 7 I 5 9 12 500 km/
WP SR B TR 4S 15 TR 18
S R4 3 ~ 4 4R e — U, 48 i 80 000 km
W
2.5 IR E B ER

VIR 25 U AR, Xk BT 388 4 A4 7R T
3 JE A 0 A A e i, TR A% G i AT A
A

— 5 TR PR 5 R P O FE HLRE 66. 7 MU, T FE
A6 7T kg, L4 1.47 ke Tl 35— G R SHHLYS
1 F SR L 7 — B R ST HLRT LG, AT L35 29 16 kg
5558, 2 kg H 1 406. 8 MJ 1y i s iR 4 G TR
W7 3 B A B I i A R R A e,
SR AR I B A T 11 0.3 5 4
i 25 P T 7 [T A 3o R o 2 B R P RE A S R
IR TR 25 v o 7 i 2 o 1 RERE AN i 2 %
RRL 1L HEATBE5E o AR [ 3 B B B R B Ga-
Bi 4 %

3 EMiTHMSERER

3.1 EMERBERMAMLER

R R BEES S W as T GaBi BfFoF i % 20
AE A S A A B B A e 0, 15015 3 4 R
(4% By BEREAE FIHE R, 7T LA M, T 48 & B B
RAR SR FEd 22, o7 TH AR B 4 1) 98% Al
97% st TAEA 4 RE B U 0907 7 6 55 e b 1
TR AE, TR AR Y B O T AR 2 o R
1 48% o F BTG e Wy HE O RN NR IR
CO NO, NMVOC SO, . & NO HEjif o {4 &
B BL ik He 87 %, FL IR S JEURE L AR T B s T8 Ak 1
FEEAT ORI HERL B IR B 2 B BOBURL )
HEWE e i i 20% o Hi% BT BE i T ol 5 1
KA AR S i FE 1Y 20 T 1% R RERIH A€
3.2 HAEHER—K

A SCRJH CML2001 PFH J5 2k #E AT R AE AL, £
FERTER 7= BRI FE (ADP (e ) ) A £ B TR 11 &
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Table 4 Energy consumption and emission of each phase in full life cycle
A L ; SR/ KRR/ Kfest/ CO,/ co/ NO,/ SO,/ NMVOC/ CH,/ PM,s/ PM,/
i B /M)
MJ MJ MJ kg kg kg kg kg kg kg kg
AR ZEE 8435.14  49564.6  11343.4 86500 9706.8 227.9  17.5 22.4 2.7 24.4 2.1 4.7
FEFB A v 278.317 13176.6 930.58 14900 1151.0 1.4 3.0 2.6 0.3 3.1 0.6 1.4
B MM 415.334 21280 340.17 22900 2131.2 2.5 4.7 6.1 2.2 6.0 1.5 3.4
i JH 215 199 365 30079.8 636356 945000 47649.24 670.9 158.4 24.24 128.52  130.0 2.52 5.16
205 A1 i -2586.2 -9813.9 -1110.4 -13300 -1243.2 -5.8 -2.0 -2.8 -0.2 5.9 -0.2 -0.6
Mt 205907.591 104287.1 647859.75 1060000 59395.04 896.9 181.6 52.54 133.52  169.4 6.52 14.06
=5 2EGEAHSMBESELER
Table 5 Characterization results of each phase in full life cycle
W B ADP(e) ADP(f)/ GWP AP(S0,- EP( Phosphate-  POCP( Ethene- ODP(R11-Eq/
e (Sb-Eq/kg) (10°MJ) (CO,-Eq/kg) Eq/ke) Eq/kg) Eq/kg) 10 ~%kg)
JEURE ) 2K B 0.168 8.65 10400 35.90 2.47 8.82 1.22
TEHB A ) v 0.000212 1.49 1240 4.63 0.42 0.44 0.353
BRI M 0.000336 2.29 2310 9.70 0.67 1.35 0.729
i 4 1% 0.0440 94.5 51168.0 108.82 21.36 44.88 1.05
i 2 Ml -0.0540 -1.33 - 1060 -4.34 -0.04 -0.49 -0.254

1) 7 BF IR #E

W= R AR W 2 s, WE AT LA
JE ARSI B 7 B IR IE AR B &, ok O
BB B, X ETEH TAEREM B AE T K&
BAM R A A R TE A R A i S AR K R
WA GEUR o R ISR B I TR 4 R A
BE AT AT BRI A, B T R
B T 34% 1 7= B IR IH #E

2) fb AR UR I FE

A BRI RE QNI 3 i, IR R AT L
it RS B B FE A A AR VR B 2, o B Ak A R TR
THAEN 89% ,iX R E i T M A BN T
KAV A CNG, JFR B3R B B 19 1k £ B
VEIHAE EEOR A0 A MR T T AE, AR K By
B AL

P2 A R AT B R FE

Fig.2 Mineral resource consumption in full life cycle
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B R R BRI B B i B B AR R [T i
BrBc. (EF4EE B B T8 bE R 19 K AR AR
T A KR R ACHE, Hevh €O, (SO, i A2 5 i
FORRI G BT S Wy HE R 2Kk A bR 4 L3
AR A TR L RS o K BB B
BESR M L35 0 O, 302 T 1™ A 9 HE N T
A5 1™ i ) o o AR B R, e A — R EER T
R [ i B 2 2 iy JEL S BRBEREMA p /D T 1%

B3 A e JE A A BE RN #E
Fig.3 Fossil energy consumption in full life cycle
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Table 6 Environment impact normalization results of each phase
25 JE A PR B B T2 A A i 325 B B IR MR B {5 I 48 18 B Bx % 1m0 i i Bt
GWP 6.8 x10 " 8.1x10°" 1.5x10°" 3.7x10°"° -7.0x10° "
AP 2.7x10° " 3.5x10°"2 7.3x10°" 1.0x10°" -3.3x10° "
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Fig.4 Environment effect normalization results of each phase
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Full life cycle assessment of CNG/gasoline bi-fuel vehicle in China

HU Shouxin, LI Xinghu "

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

Abstract: A full life cycle evaluation model of compressed natural gas (CNG ) /gasoline bi-fuel passenger
vehicle has been established based on GaBi software, which is adopted to analyze the energy consumption and
emission of the bi-fuel vehicle from the raw material acquirement phase to the scrap recycling phase, and the
sensitivity of the energy consumption and emission in full life cycle towards the using mileage ratio of the CNG-
gasoline , total mileage and electric power structure. The results indicate that, in the full life cycle, the energy
consumption and pollutant emission in the using stage are the most, taking up more than 50% of the full life
cycle; major pollutants are CO, NO_, SO, , etc. ; the CNG/gasoline bi-fuel vehicle can effectively cut the en-
vironmental influence down with a lower cost, but a CNG special vehicle is more beneficial to the energy sav-
ing and emission reduction; the energy consumption and emission of the full life cycle can obviously decrease
by recycling the scrapped vehicles, increasing the CNG using mileage ratio of bi-fuel vehicles, and improving
the ratio of using renewable energy to generate power.

Keywords: compressed natural gas (CNG) ; bi-fuel vehicle; life cycle assessment; energy conservation

and emission reduction; environmental effect
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