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LA AUAE A 45 Oy, HoE S 7E TR KR WA
i R H R K EHA T T
Bh i MLES A, HL LA WA 3 28 R B & 1k

IS A HE . 2017-04-05; EFAHHE: 2017-05-05; M4 H AR EHE : 2017-07-11 11 .46
W 2% H R M2k . www. enki. net/kems/detail /11.2625. V.20170711. 1146. 001 . html
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Review on design method of electro-hydrostatic actuator
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(1. School of Mechanical Engineering and Automation, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Engineering Training Center, Beijing University of Aeronautics and Astronautics, Beijing 100083 , China)

Abstract; Electro-hydrostatic actuator ( EHA') is a novel high-performance servo actuator originating in
the field of aviation and is becoming a common basic component of major equipment. Research is ongoing to
develop an efficient and scientific design method of EHA due to its multidisciplinary coupling and high com-
prehensive indicator. A review on EHA design method is put forward with special consideration to the complete
design process, providing a basic support and diverse technical means for the EHA product development
process. Key technologies such as comprehensive index establishment, modeling and simulation, optimization
design and control design are listed and analyzed. Focusing on automation-based preliminary design and multi-
disciplinary optimization-based detailed design, this paper suggests the implements of each step for different
design needs. Applications of newly developed technologies such as automated detailed design, model based
system engineering and 3D printing to EHA design are introduced.

Keywords: EHA design; automated design; multidisciplinary optimization; modeling and simulation;

EHA control; robust design
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Fig.1 Schematic of waveform of
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Design of hybrid ultrasonic frequency pulsed GMAW power source
WANG Qiang, QI Bojin®, WANG Yipeng, ZHENG Minxin

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

Abstract: A new type of gas metal arc welding ( GMAW ) method was proposed and a novel hybrid ultra-
sonic frequency pulsed GMAW power source was developed. In this method, an ultrasonic frequency pulse
current was superposed upon the conventional pulsed GMAW current with frequency from 20 to 80 kHz, cur-
rent amplitude from O to 100 A, and duty cycle from 0% to 100% . Main circuit topology in parallel structure
and dual-processor digital control system consisting of MCU and DSP were designed. Synchronized output and
different logical combinations of current given signal and PWM signal were realized through software program-
ming, resulting in several output current waveforms for different work modes. Testing results of the output
current indicate that output current waveforms of the designed hybrid ultrasonic frequency pulsed GMAW pow-
er source satisfy the requirement of different work modes with a fast current rising and falling rate even at ultra-
sonic frequency pulse current frequency of 80 kHz. Aluminium alloy bead-on-plate experiment was conducted
with this power source and a good weld bead appearance was obtained.

Keywords: pulsed GMAW ; ultrasonic frequency pulse; welding power source; parallel topology;

dual-processor
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Table 1 Initial kinematic parameters of UAVs

T AL (x,y)/km v/ (m-s ") X/ (%)
uv, (3.8,8.2) 152 90
uv, (2.8,7.7) 152 90
uv, (2.8,8.7) 152 90
uv, (1.8,7.2) 152 90
uvs (1.8,9.2) 152 90

Table 2 Parameters of reference trajectory

E 21 B ) /s By

FUR GRS 0 (2.8,8.2) km
o [0,200] 152 m/s
o 1) [0,200] 90°

£33 HAVIRBESY

Table 3 Parameters of Initial formation configuration

PR A b gl

(x4, oih) (0,1/sin(w/3))
(23,,3,) (0.5,0.5/sin(7/6))
(x5,,95,) (=0.5,0.5/sin(w/6))
(x42%4) (1, -0.5/cos(w/6))
(25,,7%,) (=1, -0.5/cos(7/6))
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Fig. 13 Desired location tracking deviation curves of UAVs
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Autonomous reconfiguration control method for multi-UAV
formation based on RQPSO-DMPC

ZHOU Shaolei'”* | KANG Yuhang’, SHI Xianjun', DAI Shaowu', ZHOU Chao’

(1. Department of Control Engineering, Naval Aeronautical and Astronautical University, Yantai 264000, China;

2. The Troop of 91899, Huludao 125000, China; 3. The Troop of 92857, Beijing 100161, China)

Abstract. For various threats in the enemy defense area, in order to achieve covert penetration and im-

plement effective combat against enemy, the unmanned aerial vehicle (UAV) formation needs to be reconfig-

ured in the process of penetration, and the multi-UAV collision avoidance problem and communication con-

straint problem within the formation also need be considered. By establishing the virtual leader formation mod-

el and introducing the neighbor set, this paper adopts distributed model predictive control ( DMPC) , recon-

structs the cost function of multi-UAV formation reconfiguration, and proposes that the cost function is solved

by adopting the revised quantum-behaved particle swarm algorithm. The solving result is compared with the re-
sult obtained by particle swarm algorithm. Simulation result shows that this algorithm can control multi-UAV
formation’ autonomous reconfiguration effectively and achieve covert penetration safely.

Keywords ; unmanned aerial vehicle (UAV) ; formation reconfiguration; neighbor set; distributed model

predictive control (DMPC) ; quantum-behaved particle swarm
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Table 1 Effective throughput of systems under
different combinations of [ D, ,K]
A8 /A
N
K/ p, = Dy = Dy = Dy = D, = D, =
110 pum 115 pum 120 pm 125 pum 130 pm 135 pm
6 3365 3378 3386 3393 3400 3393
7 3378 3390 3398 3405 3412 3406
8 3365 3377 3386 3393 3399 3392
9 3346 3358 3367 3373 3380 3372

10 3328 3340 3348 3355 3361 3353
11 3312 3324 3332 3338 3344 3336
12 3299 3311 3319 3325 3331 3323
13 3290 3301 3309 3316 3321 3313
14 3283 3295 3303 3309 3314 3306
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Throughput optimization for an imperfect production
system with queue time constraints

ZHOU Binghai” , LIU Yuwang

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

Abstract: To efficiently solve the problems of queue time constraints and quality loss caused by machine
degradation during production activities, a joint optimization mathematical model considering both preventive
maintenance and the control of the buffer capacity was constructed in this paper. First, gamma process was
introduced to model the degradation of the downstream bottleneck station, and the quality loss caused by its
degradation was also considered. Second, based on the model mentioned above, we treated the arrival of
workpieces, the intermediate buffer and the working process of downstream station as a queuing system and
obtained the probability of work in process ( WIP) blocking and exceeding the queue time constraints using M/
G/1/K queuing model. Finally, with the objective function of maximizing the “effective throughput”, we
jointly explored the optimization of the threshold of preventive maintenance and the capacity of the intermediate
buffer. Numerical example shows that the proposed model is practical and effective, which has certain instruc-
tive significance to the buffer capacity control, preventive maintenance and throughput improvement for those
imperfect production systems with queue time constraints.
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Time-to-go estimation for guidance laws based on velocity prediction

ZHANG Youan', LIANG Yong> ", LIU Jingmao’, SUN Yumei'
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Abstract: The idea of piecewise linear approximation and piecewise iterations is extended to the anti-ship
missile’ s piecewise velocity prediction. Time-to-go estimation algorithms suitable for anti-ship missiles with
time varying velocity are designed for proportional navigation guidance law and a biased proportional navigation
guidance law with impact angle control both in the case of large lead angle. The proposed time-to-go estimation
algorithms, which are based on the anti-ship missiles’ differential equation of velocity in closed form and the
current piecewise-iterative time-to-go estimation algorithms for the above mentioned guidance laws, perform
piecewise-iterative prediction to the future velocity of anti-ship missiles for two flight cases: one for turning
flight on level, the other for nearly straight flight on level, and then make corrections to the current time-to-go
estimation algorithms. A range-to-go estimation formula is also given for the biased proportional navigation
guidance law with impact angle control in the case of nearly straight flight on level. Numerical simulations are
provided to illustrate the effectiveness of the proposed algorithm.

Keywords : proportional navigation guidance; biased proportional navigation guidance; time-to-go esti-

mation; lead angle; impact time control; anti-ship missiles; time varying velocity; velocity prediction
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(1. R FYERER e fliE X s s, Kb 410083

- EENS B AR S YU H G, KT 410124)

1 B4R EASEE AR ERE(FSW) TLF O R EFZBH R ER B
HEFRBEEA, A THREREEAA R R KB EEEWH 7 &, %7 8 #5853 E
BB (UAFSW) 5 FSW 5k #x thik%e, R A 1.8 mm B 1y 2524-T3 48 4 & 347 7 [ AF
T ¥4 T8 UAFSW 5 FSW B8 kTR P BRI A3 L6k 4oy FSW 5 UAFSW 2 4 | 3
AT a8 FHEERAEEN AT R, £R%%,5 FSW B4 48 th, UAFSW 12 45 it
FxEHEBRK, TLHE O A;UAFSW B4 X WA E@FE, &I L H % ; UAFSW 18 4 1y F
UL 5 JE W E T FSW R 4% 3K B AT 3R JE 8 90. 7% ; UAFSW 12 4 B9 7 34 7€ 1% 2 1] th FSW
BT 20% EE, FRRA,BFEMMANE UAFSW BAMA AL E@MES 4, SR+ X &
INCEH B EAF T ARERERT AL EALTARE T My 4 FH7

x #
WO A R 5 8 4 & S

FESZES . TG453.9
%;‘% iﬁﬁﬁ?\tﬂg: A

FE KR R, RHLSE R G T X R
PUBE AR 22 4 P ma bl K. RLSE B e p 2 R
2000 REEE 4, N LAV 44 4 2024, 2 &
RIERNG 4 AT A 4 2524, L L,
AR A SRR R, 52 B v 2 4 Oy X 3%
P 5 k2 i T TIG/MIG K O 5 | i 7 AR
& — H B i F EE 8 B ((Friction Stir Welding,
FSW) B FSW L3 [ 4 42 fF 55 i 1991 4
ON A [ A R R R DR A R AR
T R K I A B A B S T AR B
T B AR SR A AR L A KL U
FSW & H A WHLSE fe i i itk o7 i 7

B FSW 7 52 2 A5 4 il 3w oz T 1 R I T
AL RIHF FSW 4R 5k 19 7= /AL, H R 82 X A7
FE L AR W IR R R i, RO X R 2 R

W KHLER E; 2524-T3 BB 6 & A F W B B EEE (UAFSW); 1 # ik,

XE4HS: 1001-5965(2017)10-1987-07

J Fe vy, B TR B B R R 2 T R, HLRAL
5¢ B JE T AR A 4 A, 4 DX DR 3 T /) T RA 158 4
AN AR il FSW T80 AR AR A5 L
W pea B e, B b B S e A R B
5 G B I B 48 (Ultrasonic Assisted Friction
Stir Welding, UAFSW ) J2& 1 R K 22 B8 Hb ok Fn 42 73
T 2006 4F 4 A A LA H 0
JEAE FSW it B b, 25 4 Sk VR i — 4> 9 1 e 75 93
I3l , ) 7S R 3 00, ok BROR R IX 4 s 1 9
PEVL S AT A AR EARAS, LIRS 25 G PR RE B 4P 1y
KRG

[l A LA 2 2 22 0K B P A FSW o 7
S Bl 3 R 4% A PEBE , U0 Park 7EXR4E S P S A
7 U KSR ) R B, & BN AR TR I 2 ) B
1 6% ~12.5% , 5 4% 5 i 5 i M2 5k BE 2 v, 4%
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PP R, AR Bk A B am .
XU /INHR S 8 7 AR TR R O, % BRT L ek
6061 41 7 4 K 4% 1Y R 18 BT | N IO 20 8RN 1
AU M T X e gy 1, UAFSW 1 5 A J2 1T LA
W B 7 I 20 R L 3E 2o B P Sk Y AR O 1) LA
FIREHE X, G AT EE K A . Amini Al Ami-
vi' PR R bR 4 X4 A 4 UAFSW S R B
117 B8 A 00 4 25 3K 56 A 5%, % B 7S R
A AR X IR BE g R 4 RS R A B B Y
S, F IR A AE 2219 ,2024-T4 4 fii
FEHA A LT T &5 UAFSW R 5, & BUE 7
B A, 2 ok AR I RS, R A B R R
TR, I T2 5 1 B K, HoAR 4% X
Y1 ZVAF 5 ¥ 5 R A0 Ak, KR 4k B AR A R ) I A R
iX, A 5],

R, &5 KL B2 FSW B A E R T2
T UPRAS FE K AT R KR 4% b 5 DR A IR 25 00k sl i
Y EEBUE AN TN e I R T N
1.8 mmJiE 2524-T3 KM & 4, FEF % T2
FAF T AT T UAFSW 5 FSW ) S8 52 X L ik 46,
FEXT 2 FlORSEUEAT T 0 A R R L8
SEXT e A M, A8 A B AR 4 2R T S B R 4
SUR 12 MR RE Y 22 5 R R R 8 A K CHLEE &
KRR AR R B T RN L

1 B

I B A BET IR AE AR [R] T2 28 58
PRUEAE R FSW 55 UAFSW MR, 48 )5 xof A5 4% it
1 X SR TC AR I, X 3R T AUE R 4F | A B E Bk
Al FSW 5 UAFSW 4% HEAT T Hr fi | 4 A0 AT
T HL AR LR ey 3 X IR 45 2R, R A i
FSW 5 UAFSW #54% i 45 4% 2 11 iU | 1 2 MEfE |
O ZH 25 1Y 22 57

XA ROSF 5 A5 4 T BT A 1 BT
N, FREETEE B HL6 ~7 mm, SR TE b B 2 ~
2.5 mm, EHREEH0. 15 ~0.20 mm, L5 4k
KM 1.8 mm JEEE R 2524-T3 fR 4 4, HoAk 27 oy
(BRI HO 512 E e 1 MR 2 PR

IR A S TE FSW g7 & b, s iy M s
WL R R P R RE AR R IR AT B P TH AR A 4
JG R P A B IR 3l 2 B i UAFSW i R 48
K2 (a) g 88/ 22 84T 5 88 7 T H 89 323t
Bl 2(b) K UAFSW {50 R G4 45H .

AR SE R 400 mm x 120 mm x 1. 8 mm, gf

T B3 A5 S T EL7R6 mm, B

BrEAR L8 mm, LA KA 1.6 mm, T2 24
AP R Sk 553 1600 r/min, J 42253 B 120 mm/min
(ZHA8) , AWML 30, R AL T 45
PRk TR, PR T RE AN 1.7 mm, R T
ARA N 0.1 ~0.2mm, FEAFE T ZHKMT,
17 FSW 5 UAFSW #5822 % ik 56 o 8 75 i L U
5 UAFSW 56 RGP AN 3 (a) ((b) froR.
fE UAFSW b i v JUr fin 8 75 91 2l 43 %8 2420 kHz (|
TN 5% ) A RSN AR IE 29 950 ~ 70 pm, A
ot 1o it 2 5 P Sk B AR Bh RE B — o R RO
Uk, A R0t 3 5 e Sk S T R LR T0% o AR
ot R 4 FSW 5 UAFSW #L4% dE 47 X 428 0
£ R Rl VA NS R A DI E S R S UE S
5, 53 AT 2 R SE N EROR 22 5 o

(a) WlfF RS

(b) X AR AR ML |
B . mm
Ul RoT 5 R g p alm ise
Fig. 1 Specimen size and weld joint

cross-sectional design

F1 2524 T3 EEETENFRS
Table 1 Main chemical components of

2524-T3 aluminium alloy

Jt#E Cu Mg Mn Fe Si Cr Ti Zn Al

i
4.8 1.4 1.3 0.08 0.06 <0.005 <0.005 <0.005 H:4x
I8 %

£R2 2524-T3sRE & B Azt
Table 2 Mechanical properties of base material of

2524-T3 aluminium alloy

JPEAERE BRI/ MPa  JHIRIRIE/MPa /%

BfE 439.4 360 13
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2 UAFSW ZRgeiit i
Fig.2 Schematic diagram of UAFSW system design

(b) UAFSWistie &4t 5240

K3 UAFSW iR & 4¢
Fig.3 UAFSW test system

2 KRS

2.1 SMURESEEL RGN

R IR 45 R W, 78 R 3R AT B FSW
FREER T 206 1 (BEFE L 5% 1600 r/min , A8 4%
HEETE 120 mm/min 7247 ) A, 39 0T A5 S % p 7
R4 B JC Bk B ) UAFSW 4k o 45 31 Sk B

TR R (AR B M FSW T 2% 1, Bl R
RMRHE I, 5¢ B FSW R 8% vp i DL 4 ik B JE 25
Kl 4(a) s . 43 HrJ5 RN Sy, FSW SR 452 X A7 78
b R R IR R, HORHLS R TR
B A WA, K4 DRI PR /DN BRI A T 20 1
GRS S A KRR AR e i A vh PR % b A R
i T 25 25 1 e AR U B I, R AR B i PR 55 % 4 L
B HRIE W) 4 S R A R o I AR R i, AR SR T
AN AR Y R 4F UAFSW REER) T. 28 1 B w9
KEBEFE L3 1400 ~ 1700 v/min, F5 522 3 &
100 ~ 130 mm/min (&% {H )., A 4(b) iR R
TEFSW T2 % H A 3R A5 i UAFSW K A 4% 2 1y B

(a3) gCtRIkES

(a5) WGHEBIG
(a) FSWHRGEHE BLERJE

(b1) Bl

(b2) g

(b3) Y B
(b) UAFSWIKARAERY =BE
[ 4 FSW 5 UAFSW S8R X 5 2 ToA5 A M I Jr
Fig.4 X-ray nondestructive testing radiograms of

FSW and UAFSW weld joints
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AL F R

T B SR BERY XS TR DU IR o BB X
5 KRR T Ok UL, 5 FSW AH L, UAFSW
Xof AR A2 3o T v 2% A ip 2 DR 3R 1 R M R IR AR

Sy HE G A BT UAFSW 4% 5 FSW AR 48 1Y)
225 AR [F— XA b, R TR B AT FSW AR
2 AEh GUF R R, I o Bt UAFSW &8
ks . B S SRR RS AP Sk
1 600 r/min, 4223 5 > 120 mm/min 1 T. 2 54
T, ARAT 04 3R T Y R4 PN S Y T BB ) FSW
I UAFSW J5 5% #h ULXT bE BB Ao W8 & B, FSW
S TR L N T (I R CORE I ]
UAFSW {5148 2 [ SC BE L FSW B Ry 40 %%, (H (6 %
Lt FSW f b , 52 L A, (81 6 iy FSW AR 4% )
UAFSW SRE% (1 X IJF 42 Jo i # I B8 o WL %€
P, FSW H5L4% K UAFSW A5 4% P 34 oK % BBk FE
T T R B

FSW | UAFSW

5 FSW L5 UAFSW &4 5N 0T 1L
Fig.5 Comparison of appearance of FSW and
UAFSW weld joints

FSW ! UAFSW

B 6 FSW 5 UAFSW ARAEM X 5 4 To A5G I 1 R X b
Fig.6  Comparison of X-ray nondestructive radiograms of

FSW and UAFSW weld joints

2.2 BHENPAFEBENE

itk — 20 or Bt UAFSW 48 5 FSW AR 48 1
25 % H FEI QUANTA2000 4 i 5% , % FSW
F UAFSW Ji 4% () & T 20 3 % #1477 W %%
70 FSW A5 4% 3¢ 1 480 B ] 9 KA 50 il ok
MR, 8 S UAFSW AR 4% 1Y 2% 181 40 31 AN [a) i K
REBC R I o X FL LSS & B, FSW K 4% 1) 38
WSS, BB W EE MR B EHL ., 0
UAFSW {5 4% 2 1) 803 3 Wi 55, 1A 2 8 AR 3
PR EL G, 3 b 3 17 AT X AR 4 A % 57 5 A
Flo BTNy A B, 58 T 5lE R AR
Ui 20 e 1, (A5 A 2% T 1 S0 B Y B n A 5% 4l
B TN R KA 9% 57 5 A R
2.3 SR SEF T A X L K

G2 HRE MG e S

7 FSW R TH S0 4 i 58 IR
Fig.7 SEM photographs showing surface

texture of an FSW weld

8 UAFSW 1 80 HEL4 4ifi o 853 0
Fig.8 SEM photographs showing surface

texture of a UAFSW weld

B MR T ot Ot e . AEMR SR S NS
24 h IR IR T hr i & 3L, FSW AR 4% 7 Y bt hir
W EE (B 29 375. 44 MPa /& 47, UAFSW f5 4% - 1
FU Lo B (5 29y 388. 67 MPa /& 47, KI5 B A8
FEH TR T CE 10d J5, FaEATH L, FSW AR
48 N UAFSW SR g -yt A L J, H
L 20t 10d 3 AR FSW K 4% S 34 it 7 i i
k1 385.24 MPa, |- F+ T 9. 80 MPa, ik 5| B} b4 3 Ji# (14
87.7% ; UAFSW SR 4E-V- K Hi i 55 B g 398. 64 MPa,
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B S ORLSE S B A 4 7 B A R 6 20 1991

LT T 9.97 MPa, ik B BEA 3R BE 1) 90. 7% . 5 &
B 5 52 BR A I R, — MR FH I RS Y R
R L5 FE ARy 1], FSW A 4% 57 1 4E fif oK%
Jg 4. 33% 5 3k B BFFEIE R Y 33.31% , UAFSW
JLLE SF 1 SE i 26 7. 18% , 3k B B b IE i 2 (Y
55.23% , FSW 5 UAFSW % 4% 471 F7 %8 B %) He n
K9 (a) fizn, FEMf S X L an 8 9 (b) Fim o £E W
CESRJ7 H, FSW 5 UAFSW X BIR Kk, #F 58 &
L, UAFSW 48 4% A A 3 1 H o B B b & T
FSW fR 4% , V-3 4 i S 4b JL-F- 35 8] FSW 19 2 fi%,
HEEhPE R FSW /N, 2Bl R A KR i
EHT FSW R4 X 4 J@ 10 3% 22 P45 il 72
et 75 A ) BsF ) P A B P45 O A RO £, R A
B2 1 R, R RS R AT PR o
P v 1 ) B, A2 i R4 ) G 4R T

410
400 F
g
= 390
B
= 380
e
k=
370 F —e— UAFSW
—8— FSW
36(‘) 1 1 L 1 1
1 2 3 4 5
Re SR
(@) Prfiad B
10
by = /\/
S 6fF
B -
EJ 4 —" s
2l —e— UAFSW
=— FSW
0 1 L 1 L I-
1 2 3 4 5
LR
(b) 4Effi

19 FSW 5 UAFSW fREEHL 14 GEXT Lt
Fig.9 Comparison of tensile property between

FSW and UAFSW weld joints

2.4 BESHALSHTS EBSD WE

& 10 3 FSW 5 UAFSW i 4% 4 4% 1 22 0 4
XTI . WEE RN, 5 FSW S48 AH [t , UAFSW 42
BE 1A 2 A R

1) UAFSW S b i $E B IS ™ A & )8
I AR DX a5 W 1 e S R A K AR 4 G R
B R X AR IR
AR B BE IS, (o A5 42 1X 4 T 1 e S 3t 28 v
JIR R O RR B T R U B0 R TR T P A

WlE w2~ , 2 58RI EETE L Hiks
FSW A [, UAFSW 45 4% vy () 43 i Ui 28 X B g A
R,

2) 7E FSW AR AR AR AL 0 8L W e " B4, M
7E UAFSW fRL4% v i ARS8 VR B Bk “ hr 2, iff
SRR B MR A% DX 5 ALK A o AR A, 1A
T RETR R GE R B 7 0] T AR XS AR AR
T AR IR AR N 7, DN AR BEL S, i B R HE
FEVRTT ) HE ) T KRz DXOR R B R Bl Ak T
FRLE IS AT o R P B T 4 G0 UR IX B8 i A
K, XA I T 905 I VG dRe o, 38 AR R 4% 1) IR
BRFE R ,

IeAh, W5 Kk I FSW A5 X K HR 4l 41 5 I3
LU M5, UAFSW S8 X S R 414, 5
LR EHLILT RIS, AR, fE
FSW 5% v | JiC K 20 2 P 1 kL B2 N B0 1 5 0
BX B2 SR, b § 38022 915 1 UAFSW 42
ey — Bk, IR 7S IR 2 AE s I R A N IR O
n] OF 2R B GRS AE ISR M e T FSW AR A% JIS S IR T
{7 ) B N W £ T N A g o 34 8 £
AL, 75507 UAFSW KR4%)iK 3841 21, A R T 4 v 48
B SR R LA 1 e

SIRTINR  IA TR RE S MR X 4 R Fof
BT Sl g R R R VR R R
R, IR TR X (NZ) 5 ML X (TMZ) 42 )8
SR iz g, N Re g iR 1 F B AR, A 4%
B X 5 AL H U A, AL X R 46 R I 1 K&
AT BT X (HAZ) 2 {8 4 I A8 X a5
R Sk P 0 S R R T RE A DX BRI B ARAIR, AR T
/N HCAGE e DD AR A RS e an 1 11 R .

HT 4B FSW MR 4E 5 UAFSW i 4% N &
WLAH L) 22 57, >Rk ] FET QUANTA2000 54 Hi 45,

0 1 2 3 B 5 6 7

(b) UAFSWifLaE
Lfii: mm
B 10 FSW 5 UAFSW 5 4% fif 8 17 22 W0 4 4
Fig. 10 Macroscopic metallographs of FSW and

UAFSW weld joint cross-sections
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X HRAZ DX HEAT T FL 1 B AT 2 (Electron Back-
scattered Diffraction, EBSD) Wi %%, & 3 UAFSW #2
45 FSW Ragrh IR X 22 R ROV B, K&
DX i RS A5 L U XS AN R T 12 SR B A
FSW [ UAFSW 4% X A fibr RF B 7o X e R
LR ,2524-T3 456 4 B M doRL R Al , BV %L
TR SR . FSW AR 2% X ok 35 28 Ry i 4k
Bl A P45 i AR R0 Sl A0 R R TR AL I 5 1)
(9 HE B LA PE A P 98 55, (BT AT 0L B S ) HE 51
e, UAFSW JEAZ X f ok B 2 b FSW B 41 5 , H.
BAB RS R il Dy, 58 Z E 2
SRR AT A BRI A . AR R, AL
S0 DX ARAL R B T e, VA B Pk T R R S R R AR
FHAS 5K R 7 B A St A B A B A K IR A
W, AR IS B 4 fk, i H, 78 UAFSW i f
XM EZ S B M BEZ BB e
AR ZAE T AL 1 &Rz, T EBLATEL T AR AT
FLAAN T ) A HE B R P, DT 52 B L T8 A S Oy
] 1) 22 )5 HE B o

TMZ
b%
5
HAZ",

1L R S BB T A 4 R I AR XI5 1Y) 52 Wil s 2 [
Fig. 11

Influences of ultrasonic energy on

weld joint flow area

(c) UAFSWHLEZ

(a) FI- 44 (b) FSWHHZIX
12 EBSD ki R~
Fig. 12 EBSD grain size
3 & #

Wt B E X b K 5, WF 5% UAFSW Al
FSW 2 Ffi J5 ¥ X 2524-T3 fiii 25 45 6 & 52l % 18
48 R EI LT 458

1) ML T FSW S8 4%, UAFSW T 2% 09
PN 7R i

2) TEMREE LI BUE b, FSW 4% 3 i 803 &2
P2 B R R 25 B 5 I8 7 RE A A, {ff UAF-
SW IR 4% R M SOH B I MW 5T, 2SR K

3) i H FSW RR4% (157 35 Bt F o8k B2 3k ) B 4
SR 87. 7% , UAFSW 8 4% 1) °F- ¥ bt $ir 98 B 3k
FIBEM R EE Y 90.7% , W = T FSW; UAFSW 5 4%

FE A 2 0 B 8 2k F FSW 4% 20% 4247, 35 %
BE B SE A 1Y 55.23%

4) 5 FSW AHLL B S A AN ALBEAR T 42
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Test analysis for ultrasonic assisted friction stir welding of
aircraft skin aluminium alloy

YANG Kunyu'?, HE Diqiu" "

(1. State Key Laboratory of High Performance Complex Manufacturing, Central South University, Changsha 410083, China;

2. Aviation Machinery Manufacturing Institute, Air Force Aviation Maintenance Technical College, Changsha 410124, China)

Abstract; For the bottom of the weld, weak connection and other defects in the friction stir welding
(FSW) of aircraft skin,due to the narrowing of the FSW process window, in order to explore a new method
that is more suitable for long-range stable welding of large aircraft skin, skinned contrast test between ultrason-
ic assisted friction stir welding (UAFSW) and FSW were performed, UAFSW and FSW welding were carried
out under the same process conditions using 2524-T3 aluminum alloy with thickness of 1.8 mm. Tensile test,
metallographic test, and scanning electron microscopy were implemented for perfect UAFSW and FSW weld
joints without internal defects. The results show that, compared with FSW weld joints, the UAFSW weld joint
defect rate is significantly reduced, and the process window is expanded; the UAFSW weld surface texture is
finer and free from laminations; the average tensile strength of UAFSW weld joints reaches 90.7% of strength
of the base material, slightly higher than that of FSW weld joints; the average elongation of UAFSW weld
joints is higher than FSW weld joints by about 20% . The study found that, compared with FSW | the addition of
ultrasonic makes finer and more uniform microstructure for UAFSW weld joints, reduces grain size, and disrupts
the regularity of the grains along the rolling direction, which makes the grain sequence show no clear direction.

Keywords: aircraft skin; 2524-T3 aluminium alloy; ultrasonic assisted friction stir welding (UAFSW) ;

mechanical properties; microstructure; weld surface texture
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Push-forward/pull-backward trim for helicopter
based on hybrid genetic algorithm
WANG Wei"* |, LIU Chun', LI Dongsheng’

(1. Key Laboratory of Fundamental Science for National Defense of Aeronautical Digital Manufacturing Process,
Shenyang Aerospace University, Shenyang 110136, China;

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

Abstract: To solve the problems that helicopter trim model has multivariate nonlinear equations, it is dif-
ficult to determine its initial value and the global optimal solution is non-unique, an efficient hybrid iteration
algorithm is presented in this paper, which combines the genetic algorithm and the quasi-Newton method. The
dynamic equations of the different modules of the helicopter are introduced. In modeling the rotor, considering
characteristics of the motion and control of the rotor in the actual flight environment, an aerodynamic model of
rotor based on dynamic inflow and the blade element theory with the rotor trim is established. The trim control
vector and the constraint equations for push-forward/pull-backward are deduced in detail based on helicopter
flight dynamic model. Since the objective function is constructed, trim problems are transformed into optimal
computation. UH-60A helicopter in the push-forward/pull-backward flight is trimmed, and the trim results are
compared with flight test data. It is shown that the pull-backward results agree well with flight data, and there
is the discrepancy between the push-forward results and flight data. The primary contribution to the discrepan-
cy of the trim of collective and pedal comes from inaccurate prediction of the unsteady aerodynamic characteris-
tics of the rotor. It is a universal method that can be applied to helicopter trim simulation of different stable
flight conditions.
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Table 2 Parameters of gears

ZH Wik 6(FEah4e)  thik 10(N3hEE)

15/ mm 1.3 1.3
LR 61 132
JEHf/(0) 17.5 17.5
WRES/(°) 18 (72 J) 18 (£ )
4700 ] B 0.075 0.075
EIVEY -0.077 0.150
P 151 5 B A%/ mm 86.3 184.38
i AR B B AR/ mm 77.72 176.8
% %/ mm 15 14
w5 N2/ mm 67.5 63
rhe i/mm 132 132
HI4E/(N + mm) 178 000 178 000
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Table 3 Parameters for calculating gear

temperature field

S8 B fH
B/ (m® - s7h) 1.00 x 103
PAERZE/ (W - (m-K) 1) 0.1322
e/ (T (kg K) 1) 2100
W/ (kg m™?) 845
A FEEE/ (MPa - s) 8.45
SR 7.450 x 10 ~*
Prandtl % 134.23
WA 5/ Pa 2.06 x 10"
5GP B/ Pa 2.25 x10"
T LA B/ pum 0.8
KRS BB A7 6.698
PRk R R C ! 1.2x10°°
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temperature field analysis
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Table 4 Modification scheme of tooth trace

SY R/ um
B RHE/ wm
0 1 21
0 0-0 0-1 0-21
1 10 1-1 121
7 70 7-1 721
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Table 5 Modification scheme of tooth profile

el A%/ mm

Ji J3/MPa

. BIE &/ um
WA/ (°)
1 2 27

11.3 11.3-1 11.3-22 11.3-27
12.3 12.3-1 12.3-2 12.3-27
13.3 13.3-1 13.3-2 13.3-27
14.3 14.3-1 14.32 14.3-27
15.3 15.3-1 15.3-2 15.3-27
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Fig. 14  Curve of transmission errors after modification
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Transmission gear vibration mechanism and modification
method for vibration and noise reduction
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(1. Beijing Institute of Space Launch Technology, Beijing 100076, China; 2. School of Transportation Science and Engineering,
Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract. This paper discusses the vibration mechanism of gear transmission and modification methods to
reduce vibration and noise with a specific automatic transmission as the research object. Using SimulationX
and test methods, the gears that have the most contribution to system vibration can be found. The internal
excitation of the helical gear was analyzed with the method of finite element simulation, including transmission
errors, contact spots, meshing impact and thermo-elastic deformation. Considering the minimum fluctuation
amplitude of the transmission errors, meshing impact elimination and the optimal contact status as a compre-
hensive objective, the optimal gear modification was obtained after comparison with plenty of simulation
results. Based on the test results after modification, it is verified that the proposed modification scheme can

optimize the transmission status and further effectively reduce the vibration and noise of transmission.
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Table 1 Inverse kinematic solutions of 2-2PRUR parallel mechanism mm
x ¥ ¥ z L L 1 I,
160 100 200 - 150 106.014 4 66.5415 21.0464 95.1702
140 100 200 - 150 105.203 1 21.0464 66.5415 108.8730
150 90 190 - 150 105.9616 66.5415 21.0464 103.9075
150 110 210 - 150 105.9616 21.0464 66.5415 99.044 66
160 110 210 -120 136.0012 79.3318 79.3318 120.704 4
140 100 200 -120 135.203 1 51.0464 96.5415 138.8730

%2 22PRUR HEHMUBEEMER

Table 2 Forward kinematic solutions of 2-2PRUR parallel mechanism mm
I L L 1, x ¥ ¥ z
106 66 21 95 160.0099 100.003 5 200.369 4 -150.0141
105 21 66 108 146.8173 107.2413 206.5883 —-148.6636
105 66 21 103 149.9972 90.1848 189.6942 -150.9609
105 21 66 99 149.304 6 109.5547 209.1319 -150.9323
136 79 79 120 160.5072 110.3637 210.6410 -119.9843
135 51 96 138 146.8173 107.2413 206.5883 -178.6636
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Table 3 Initial parameter values of 2-2PRUR

parallel mechanism
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Table 4 Parameters of 2-2PRUR parallel

mechanism and scatter number

ZH EIRGEIEN AL (E
k,,/mm 150 58.21356151
ky,/mm 150 128.4783055
ky, /mm 150 57.128 48677
ky/mm 150 116.095 1255
a/mm 300 226.6077689
1/mm 100 148. 1780424
r/mm 50 149. 866756 2
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before and after optimization
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Kinematic analysis and workspace optimization of
a novel 2-2PRUR parallel mechanism
LI Dian, GUO Sheng” , HUANG Guanyu, ZHAO Fuqun

(Robotics Institute, School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University, Beijing 100044 , China)

Abstract: A novel 2-2PRUR parallel mechanism is proposed to fit the actual demand of industrial pro-
duction line. Kinematics analysis and workspace optimization are performed based on scatter plot. A method is
presented by splitting the moving platform into two parts and adding planetary gear train, which could solve the
over-constraints of four degrees of freedom parallel mechanism and increase the turning angle. The constraint
equations are obtained using the coordinate method. The inverse-forward solutions of the mechanism are
worked out. And the workspace is obtained by using the scatter plot of inverse kinematic solutions. Mean-
while , reasonable structural parameters are obtained by optimizing workspace with the principle of maximizing
scattered points based on genetic algorithm. This work would lay the foundation for the future research and ap-
plication of this type of parallel mechanism.

Keywords ; parallel mechanism; non-overconstrained; degree of freedom; kinematic analysis; workspace

optimization
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Table 1 Air permeability parameters of two materials

/ (kg - b/ (kg -

1 a/ (kg B (,f" ¢, /m? C,/m""
(m” +s) ™) m~7)

411 e 451.8 90. 69 7.9x10°"% 7.4 x10°

F111 414y 9036 1813.8 3.95x10°" 1.48 x107
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Effects of canopy’s air permeability on parafoil aerodynamic performance
WANG Longfang, HE Weiliang® , WANG Shichao

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

Abstract: In order to enhance the flight performance of parafoil, the effects of canopy fabric’ s air perme-
ability on parafoil aerodynamic performance were studied. The canopy external flow field was modeled by the
incompressible Reynolds-averaged Navier-Stokes ( RANS) equations, and the governing equations for porous
medium domain with an additional momentum source term were established to model the canopy. For two
material models with air permeability and one traditional model without air permeability, the aerodynamic char-
acteristics and distribution of the two-dimensional and three-dimensional flow field were numerically simulated
under steady condition. The results indicate that the canopy seepage velocity is available by solving the gover-
ning equations of porous medium domain, and the canopy external turbulivity increases sharply. The lift coeffi-
cient decreases and drag coefficient increases significantly when the canopy is made of large air permeability
fabric, and furthermore the inner cavity pressure dropping affects the aerodynamic shape maintaining of
parafoil. The lift coefficient is less than that in impermeable case at small angle of attack, and is greater than
that in impermeable case at large angle of attack when the canopy is made of slight air permeability fabric be-
cause mild seepage velocity can delay the boundary layer separation at large angle of attack.

Keywords : parafoil; air permeability; porous medium domain; numerical simulation; aerodynamic per-

formance
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Table 1 Comparison of slow fly-around total impulse
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Table 2 Comparison of fast fly-around total impulse
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Spacecraft forced fly-around formation design and control
ZHANG Ran', YIN Jianfeng’, HAN Chao" "

(1. School of Astronautics, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Beijing Institute of Spacecraft System Engineering, Beijing 100194, China)

Abstract: In order to meet the requirements of spacecraft fly-around technology in on-orbit service mis-
sion, spacecraft forced fly-around formation design and control scheme was investigated. Based on the analytic
solution of the C-W ( Clohessy-Wilishire) equations, bi-teardrop formation was proposed. Then multi-impulse
fly-around formations were developed after single- or double-impulse formations. The formula between the ini-
tial states of following spacecraft and the shape of fly-around formation was derived, and the analytic expres-
sions of four fly-around formations and the impulse control scheme were proposed. Simulation results verify that
four designed formations could be used in spacecraft slow fly-around and fast fly-around scenarios. The total
fuel consumptions and distance errors of different formations were compared. Numerical results show that bi-
teardrop formation has the smallest total impulse. The theory of spacecraft forced fly-around formation design
and control is improved, and the results provide reference for engineering application.

Keywords: on-orbit service; forced fly-around; C-W equations; impulse control; formation design
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A passive location algorithm based on TDOA and FDOA of
dual-satellite in the condition of unfiled rank
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Abstract: To solve the problem that the position vector of the first satellite, the position difference vector
between dual satellites and the speed difference vector between dual satellites are coplanar when the fixed
emitter with known altitude is located by dual satellites using time difference of arrival (TDOA) and frequency
difference of arrival (FDOA ), an analytic solution in three-dimensional spaces was proposed. The condition
for no solution is only that the two position vectors and two speed vectors of dual satellites are collinear. The
paper analyzes the two conditions of both coplanar but non-collinear and collinear. The analytic solutions of
different conditions are given. The problem of location can be simplified into solving quadratic equation with
one unknown when the position vectors of dual satellites are collinear, which alleviates the complexity of the
problem solving and reduces the computational complexity. Besides, the positioning accuracy is enhanced in
nadir point of dual satellites when the three vectors are coplanar. The algorithm was proved useful by simula-
tion experiments.
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Rotor control phase angle analysis for coaxial rigid rotor helicopter
YUAN Ye', CHEN Renliang""* , LI Pan', LU Ke’

(1. National Key Laboratory of Science and Technology on Rotorcraft Aeromechanics, Nanjing University of
Aeronautics and Astronautics, Nanjing 210016, China; 2. Science and Technology on Rotorcraft Aeromechanics Laboratory,

Chinese Helicopter Research & Development Institute, Jingdezhen 333001, China)

Abstract: Adopting the flight dynamic model of coaxial rigid rotor helicopter, this paper sets the XH-59 A
coaxial rigid rotor helicopter as research object and analyzes the influence of rotor control phase angle on longi-
tudinal trim characteristics, helicopter power required and hub bending moment of upper and lower rotor.
Based on the analysis results, this paper proposes the allocation method of coaxial rigid rotor helicopter’ s rotor
control phase angle. It aims to decrease the helicopter power required and make upper and lower rotor’ s hub
bending moment and trim characteristics meet the requirement. The method can make the XH-59A helicopter
satisfy the requirements of hub bending moment of upper and lower rotor and longitudinal cyclic pitch limita-
tion within the flight speed scope of 0 =80 m/s, and can minimize up to 8% power required. This method pro-
vides reference for design of coaxial rigid rotor helicopter.

Keywords: coaxial twin helicopter; power required; rotor control phase angle; trim characteristics; hub

bending moment
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Reduced step control of hypersonic vehicle based on tracking differentiator
ZHANG Shen', WANG Qing'"*, DONG Chaoyang’, HOU Yanze’

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

3. Beijing Research and Test Center of Space Technology, Beijing 100094, China)

Abstract: Aimed at the strong nonlinearity, complicated couplings and high uncertainties of hypersonic
vehicle, a reduced step control scheme based on high-order tracking differentiator is put forward. The longitu-
dinal model of hypersonic vehicle is transformed as strict-feedback form. A tracking differentiator is imported
in the backstepping frame. The derivative of virtual control signal in the first step is obtained using the tracking
differentiator with its ability of estimating any derivative for a given signal. Also, the actual control signal in
the second step is obtained according to the second-order derivative estimation of the tracking differentiator.
Thus, the three design steps are reduced into two steps. Moreover, the parameter uncertainties and external
disturbances are modeled as equivalent disturbances in each step. Extended state observers are designed to
estimate the equivalent disturbances. Then, the equivalent disturbances are compensated in the controller.
The Lyapunov theory is used to prove the stability of the closed-loop system. The numerical simulation results
show the inhibiting ability of the proposed control scheme against uncertainties and disturbances. And its
tracking precision is superior to that of the traditional dynamic surface control method.

Keywords: hypersonic vehicle; tracking control; reduced step control; tracking differentiator; extended

state observer
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Influence of hypersonic thermo-chemical non-equilibrium on
aerodynamic thermal environments

YANG Jianlong, LIU Meng" , A Rong

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

Abstract; Severe aerodynamic heating phenomenon occurs in hypersonic flight. Thermal protection sys-
tem design can be effectively guided by considering the influence of hypersonic thermo-chemical non-equilibri-
um on aerodynamic thermal environment. Park and Gupta’s thermo-chemical non-equilibrium models were
used to numerically calculate the 5 species (N,, O,, N, O, NO) and 17 groups of chemical reactions, and
the influence of their thermo-chemical non-equilibrium on hypersonic vehicles’ aerodynamic thermal environ-
ments was compared with that obtained from perfect gas and thermo-chemical equilibrium models. In the ther-
mo-chemical non-equilibrium model, flow field temperatures are lower and shock standoff distances are smaller
than those of the perfect gas model. The larger the gas density after shock wave is, the smaller the shock
standoff distance is. Therefore, the shock standoff distance of thermo-chemical equilibrium model is the smal-
lest due to the larger gas density caused by molecular dissociation and chemical reaction effects. The numerical
heat flux loads of perfect gas and thermo-chemical equilibrium models are larger than the experimental data.
There are small differences between Park’ s and Gupta’s thermo-chemical non-equilibrium model when they
are used to numerically calculate the shock standoff distance and aerodynamic load. The calculated values of
heat flux load of Park’ s model are larger, while those of Gupta’s model are in good agreement with the experi-
ments. Therefore, Gupta’s model is more reliable to predict hypersonic vehicles’ aerodynamic thermal envi-
ronments.

Keywords: thermo-chemical non-equilibrium; numerical calculation; hypersonic; aerodynamic thermal

environment; heat flux load
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H _ control for morphing aircraft via non-affine parameter
dependent LPV model

WEN Nuan, LIU Zhenghua® , ZHU Lingpu, LI Luochuan, ZHOU Rui

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

Abstract: Morphing aircraft can adaptively alter configuration according to the different flight conditions
or a variety of missions to ensure the optimal aerodynamic performance in flight. A class of variable-span mor-
phing aircraft were considered, and the controller design synthesis for linear parameter varying (LPV) systems
with non-affine parameter dependent configuration was researched. Jacobian linearization approach, as well as
exact fitting method, was used on multiple balance points to transform the nonlinear model of morphing process
into the LPV structure which regards the ratio of variable-span as the varying parameter. In contrast to most
LPV systems, the obtained structure was polynomial instead of affine parameter dependent. An equivalent lin-
ear time-invariant ( LTI) system for the non-affine LPV structure can be obtained by linear fractional represen-
tation ( LFR). On basis of the sufficient condition of linear matrix inequality ( LMI) for quadratic Lyapunov sta-
bility , a design methodology of the state feedback H_ controller was presented to guarantee the stability of mor-
phing process. Its effectiveness for the globally stable performance was illustrated with simulation results, even
when the external disturbance was taken into account. Therefore, the controller synthesis based on LFR trans-
formation is no longer limited to the affine parameter dependent form, and can be widely applied to universal
LPV system.

Keywords;: morphing aircraft; linear parameter varying (LPV) ; non-affine parameter dependent; linear

fractional representation( LFR) ; H_ control
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Towed radar active decoy jamming detection based on
Doppler frequency difference
FU Xiaolong', BAI Weixiong' ", LI Xin', YUAN Hui', CHEN Jinjin’
(1. School of Air and Missile Defense, Air Force Engincering University, Xi’ an 710051, China;
2. Unit 94921 of the PLA, Jinjiang 362200, China)

Abstract; The foundation of countering the towed radar active decoy (TRAD) is the presence detection
of decoy. Derivation of monopulse radar angle error output of balanced phase discriminator ( BPD) with and
without towed radar active decoy was demonstrated. According to the principle of BPD, the conclusion can be
obtained that the Doppler frequency difference between target and decoy would affect the angle error. There
was no variation when the angle error passed through the low pass filter without the decoy jamming; there was
a change under the condition of decoy jamming. The alternating part of the angle error was filtered out by the
low pass filter. Based on the variation of angle error with and without decoy, threshold detection was used to
detect the towed radar active decoy. Simulation analysis under different jamming conditions was performed on
the detection performance of the proposed method, and its effectiveness was validated.

Keywords: electronic countermeasure; towed radar active decoy ( TRAD ); detection of presence;

Doppler frequency difference; threshold detection
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Table 1 Selected parameter setting in Experiment 1
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Table 2 Prediction results for Mackey-Glass time series
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JIZint /s RMSE RMSE  MPE AER/%

ReOS-ELM 1.0625 0.0393 0.0368 0.0897 1.38
KB-IELM 38.9350 0.0126 0.0117 0.0276 0.98
SKIELM 0.5020 0.0153 0.0145 0.0312 1.14
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Fig.3 Prediction curves for Mackey-Glass time series
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Table 7 Condition prediction results for

oil temperature of aeroengine
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Table 3 Selected parameter settings in Experiment 2
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REPUFEH 1 x10% 30 1x10° 2x10°%1x10°30 1x10° 30
HEAIRE  1x10730 1x107 2x10771x107 30 1 x107 30
WM 2x10°30 2x10° 2x107°2x10°30 2x10° 30
WMES 2x10*30 2x10* 2x107°2x10* 30 2 x10* 30
ﬁ:g%ﬁ 2x10°30 2x10° 2x107°2x10°30 2x10° 30

H::0 A ALD-KOS-ELM (¥ BI{E 25 ;m Sy HAlh 3 8wk 19w

Il 77 5 1

x4 CHEFVHEKRER

Table 4 Condition prediction results for

torque of aeroengine

| 45 R

UlES HIREY
Il 2 it ] /s RMSE/°C RMSE/°C MPE/°C AER/ %
FOKELM 0.0236 0.1676 0.2038 0.3106 0.52
ALD-KOS-ELM  0.0721 0.0319 0.0863 0.1382 0.21
OKELM 0.0315 0.0253 0.0593 0.1003 0.14
SKIELM 0.0313 0.0260 0.0592 0.1000 0.14
x8 TKHAFNIBHESRETN LR
Table 8 Condition prediction results for
oil pressure of aeroengine
VIS HIIREY
Yl Zi ik [a] /s RMSE/N RMSE/N MPE/N AER/%
FOKELM 0.0275 0.0970 0.1088 0.1271 3.51
ALD-KOS-ELM  0.0637 0.0396 0.0337 0.0436 1.05
OKELM 0.0330 0.0361 0.0297 0.0386 0.92
SKIELM 0.0263 0.0343 0.0248 0.0332 0.75
R9 TEH KPR MBE R EBRETNER

Table 9 Condition prediction results for fuel

instantaneous flux of aeroengine

UES pIREY
ik Il i/} e/ RMSE/ RMSE/ MPE/ AER/
s (N m) (N+-m) (N-+m) %
FOKELM 0.0340 1.0167 0.9496 2.0444 10.87
ALD-KOS-ELM  0.0345 0.8392 0.9554 2.5814 9.84
OKELM 0.0344 0.7822 0.9629 2.6556 10.09
SKIELM 0.0380 0.7528 0.9292 2.5785 9.76
x5 CHMAEBMNEFRETNE R
Table 5 Condition prediction results for
rotational speed of aeroengine
UIER HURES
ik iEs RMrS_E/ Rév[iE/ I\?f]?/ AER/
BHELZS ins) min) minl) %
FOKELM 0.0366 98.9196 68.6210 157.50 0.22
ALD-KOS-ELM  0.0307 92.5160 77.0500 173.71 0.22
OKELM 0.0329 94.8461 66.9274 149.73 0.27
SKIELM 0.0359 88.5338 64.2821 149.02 0.19
x 6 TCHABUHKEERSTN LR
Table 6 Condition prediction results for
exhaust gas temperature of aeroengine
VIS HIRES
RS
Y 2RIt [a] /s RMSE/K RMSE/K MPE/K AER/%
FOKELM 0.0349 5.2736 2.6321 4.8608 0.49
ALD-KOS-ELM 0.0652 3.6264 2.8406 5.6646 0.49
OKELM 0.0388 3.9290 3.1315 7.2749 0.55
SKIELM 0.0276 3.4817 2.4953 5.2869 0.47

YIS IIRRY
ik Y% RMSE/(L - RMSE/(L - MPE/(L - AER/
I [a] /s min’]) min ') min’l) %
FOKELM 0.0285 2.6358 6.5232 22.7297 1.89
ALD-KOS-ELM 0.0196 3.1183 6.5642 18.4512 2.13
OKELM 0.0314 2.7072 6.5478 22.6886 1.94
SKIELM 0.0276 2.5672 6.1005 22.3279 1.82
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Fig.4 Prediction curves of exhaust gas temperature
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Online condition prediction of avionic devices based on sparse
kernel incremental extreme learning machine
ZHANG Wei, XU Aiqiang™ , GAO Mingzhe

( Office of Research & Development, Naval Aeronautical and Astronautical University, Yantai 264001, China)

Abstract; In order to achieve the online condition prediction for avionic devices, a sparse kernel incre-
mental extreme learning machine ( ELM) algorithm is presented. For the problem of Gram matrix expansion in
kernel online learning algorithms, a novel sparsification rule is presented by measuring the instantaneous learn-
able information contained on a data sample for dictionary selection. The proposed sparsification method com-
bines the constructive strategy and the pruning strategy in two stages. By minimizing the redundancy of diction-
ary in the constructive phase and maximizing the instantaneous conditional self-information of dictionary atoms
in the pruning phase, a compact dictionary with predefined size can be selected adaptively. For the kernel
weight updating of kernel based incremental ELM, an improved decremental learning algorithm is proposed by
using matrix elementary transformation and block matrix inversion formula, which effectively moderate the
computational complexity at each iteration. In proposed algorithm, the inverse matrix of Gram matrix of the oth-
er samples can be directly updated after one sample is deleted from previous dictionary. The experimental
results of the aero-engine condition prediction show that the proposed method can make the whole average error
rate reduce to 2. 18% when the prediction step is equal to 20. Compared with three well-known kernel ELM
online learning algorithms, the prediction accuracy is improved by 0.72%, 0.14% and 0. 13% respectively.

Keywords: condition prediction; kernel online learning; sparsity measure; extreme learning machine

(ELM) ; active set

Received: 2016-10-17; Accepted: 2016-10-28 ; Published online: 2016-11-29 08 .56
URL : www. cnki. net/kems/detail/11.2625. V.20161129.0856.003. html
Foundation item; National Natural Science Foundation of China (61571454 )

* Corresponding author. E-mail: hjhyautotest@ sina. com



2017 4 10 A

EEMEMEAZ2E SRR October 2017
43 101 Journal of Beijing University of Aeronautics and Astronautics Vol.43 No. 10

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2016. 0810

ij
I

TER, R, TRE, BREF, KM, THL
(1. dEmtfnzs iR RS HUR LA B A 3h k% B, Jbat 100083 ;
2. JEBe2E ) RAT AR PR RV 2 I AEBLAR AR S BOR S R AL RO A ST KR S, JL5 100094)

i B R T -MHRE#RASNDENBEAN LEARE R AR 2, T U
SEHATE BT U H#HATHRE, FZNBEANTEEAPEEEARTTAR, L, ZLTHN
BANRENFEA HREN G ERN S ZF LR A REHREAR 2 LW S p AR
EERAH#TTESFON RETXROAEREERIE KRG EMRGES2 HHATH
HEHFRRRBT E, PN BRTHNERLESHEZ R G, AL T CHWT CER AR #
TE 8 P4l i i B SR R AL B9 2 3h F AR A AR AR AL A AME R EE R om AL E R £, AT £ 3
BEERmERBEERE, ALEARK BEFULEFRRIAMEG THEREH#TTHE,

jbuaa@ buaa. edu. cn

FHAR LR BT ZINAEARATEFEREG R

x 8 R BMERA; WENLEA;
RESES. TP242.6
N akFRINAG . A

KPR, 2 24T L4 A2 E A BL g A
U TR AL Z — o AN T 5 UL A AR A
KM, 2 AR ATHLA A i T AR 22 S
R AL LA SR 1 b T 3 N s ) R
XS TXCE AL A, PR AL N BA 4 1 R 3
AE 1 MRV , LU S ALY NS5 TR B0, 5 4%
W TR, S WA A A 5
PEH 7L M R GRS E M SF 4 T, R LR A
SRR LA ATE R AT 32 B T A Ah
WFFEN R iz AL

4 AL A 058 2 i BT 52 PR
5z g e AR EE, AT AR P R B 22 52 B AT
RN, T LI, —Jr i, Al ok
FAERL AR AP B 22 2 AR 7k 0 I %
SRR — A T Bh I R 2 %
R — SR R 2L, i A AT LUR) T4 1 I sl

BHFEA; S AREREE; EHRK

XE#HS: 1001-5965(2017)10-2099-10

IR AT B 20, T 5 1 R T L Sz B A 9 1
PRVE . LS g 2 mIRE R (975 B AR R ) Big-
Dog'* #1 SpotMini HL#§ A7, ZE bl F %% T 2
B 3 [ R (E AR R 0 T ML PR
HHHL B S R e PR i TR . B — Ui,
ZAPFHLEE N 1 4.2 Sk 3 Al
FEYERAER AT . R T Tl K22 B Kato A0
Hirose * B 7 DU J& HL 28 A TITAN-IX, iZ HL 2% A
ARASAL LA IE A7 28 L 36 B LU 2 S AT 4R AR L O
A Eh R T, NASA BF & (05 J H 4K
WAL AE N ATHLETE " | 75 5 — > 1L 35 56 7 1 )
DB LIR SUR |y N il = 2 N
AR BE

5 HMEMEES , i THAGH X A hE
2 AR AR TIE SR 3 RAT e () A 32k ) 309 22 e 7
R T EL o T WU H 0 i R ] 6 245 8 —

Wi BH: 2016-10-18; R BHHI: 2016-12-02; M4 H AT IE : 2017-01-05 11:27
M 4% H R HtiE . www. enki. net/kems/detail /11.2625. V.20170105. 1127.003. html
ESWB: HRAARRIAS (51305009) ; HLEF A AR 5 R 50 E 5K E 9080 S TP 58 3 4 5 CAST B1F 3 4

= BWIEE ;. E-mail; xk007 @ buaa. edu. cn

SIE%N: T8z, &, IHK, ¥ —HBEBETENBEARTG2HT] X FEREMKAFFR, 2017, 43 (10 ) : 2099-
2108. WANG S'Y, TANG L, WANG Y B, et al. Design and analysis of an integrated leg-arm quadruped robot [J ]. Journal of Bei-
jing University of Aeronautics and Astronautics , 2017 , 43 (10 ) : 2099- 2108 (in Chinese ).


Administrator
新建图章

www.cnki.net/kcms/detail/11.2625.V.20170105.1127.003.html

2100 b5 M %= MK k% F M

b AL 4R
A

2017 4

NG — ) B By 2E BT 1k, Essex K221 Gan
B XE S B Pioneer2 HLAF AR H T — b
Wi Zh 2R % 7 1 8 48 AT ] T Sk B A R
YA as B, T H X 99% LA bR AT 3k A 25
WRE LA HH T L% . BE S BF A ZPLAS A, Xu 251
SR T — A R UE R A A R I PR R
— A IE A 8 S A L, S TR S
FI P 3 SRR LA T 04 20 8 0 R I A R
FIH D-H Z 80k 3] TIZ LA A 1) IE 8 ) 4
R IFL5 A R FH A vk LA P A A5 8 1 3% a8
BhEE R

A SCEE X RS SRR 55 BT T — Fh R il
DO BLER N XL 1 4% R A3 S AT R Al A
FRER BT, SC B T RE 2 H o % o AT & i
Sy 38 R A S S IAT E T RE, RIS S L 5 H
FE R ERAERE  vT SEIERE T RE . 1 5, R R 4R B
O ECEEST T LA Y B BRAZ 2 2 A5 R RN 4K A 3 32
Sy 2 R LU BT TR A TR A PL A A
VERE R Y $2 T PR IE A B RS Y 2 Rl iz 3
SR AR SR E  TE DL LS T AR
PR AR ER O VR B HILAG 1Y 32 3h 2E KR R
A A A, RS R B VT R i o7 22, 1 R AR R R
iy v ) st o 380 30 B A 07 RS A S BHURE B ER AE
B S REALER AAS I FRAE R R OO IR ML Y T
VEZS (B HEAT T 05 L, JF R 92 56 300 T HL48 A
JBR AT 3E AV HAE D fE

1 RERA TR E AN S EH

it

P 2 AL e A — B HLAR AR 4 5% SR IAL
AR 2Ll AL AR 45 AR SG T A Ty AT 43 15 TIE
o XL s 2 Bl O TR LA A
T AP T 2R AR E B, RN D T AR
HLAR A AE 35 1 R A S A B g 9 i R B R 1Y
16 Bl B, AR SO Y IO A2 BL i AR 015 I8 AT 3
WA AR BT L R R LA R
Bl P2 L AREDLEE IR SS M I, Pl A 4 4
O T REHLAE AL 2w A AR A Lk P A B G T R
R OGN G 1SR B 1 P B R A R
FIER B 4% . b 1 2% B B3 O i 45 20
SCAEAR S ARSI AN 3 B . LA A
A8 I R Rl 5 2 S AT B, S0 BIE R R R A
A, A7 A7 58 5 2 0 8 R s AT i 2 AT A
ff MR A 3 A% SR AR A RSl 5 20 SR T
Jei g AALAS NS P D H e 1y 5 ol BE SR AR
AT AR N #Re A

=

BT R AL DY R ALAS B A PR
Fig.1 Mechanism sketch of integrated
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Fig.2  Structure of integrated leg-arm quadruped robot
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Fig.3  Mechanism sketch of leg with arm

2 TEEAZHEEESH
2.1 BEREHZF

FEATE BT, HLBR A4 4 T — 1 = ¢
W ERRHLE , 5 SR A RO S O i X B
AT I8 32 L

Pl 4 M AT B R 0 MR LA TP . o A
BN TE 16032 3% , ¥ SRS 4 AR R AR
FRE O] AHAFER | C| B BFRF | B, | LA
FIESANRR (A} . RIHAFRR | O] S AE T
AR IRASER AR | € SEAEHL B A A B 19 JL A o
L LS R S 815 AKR R | B | 19 = B S 4
WHEAE AT A BRI 1 DT AR R 14,
SN AR R | B, | PAT ELIRA (3 TR R 3 B
B2 AR 52 42 J F I W A B0



% 10

ERIE, % — R R RS O HLES N TS b

AL ALF R

Tl 2101

B4 BRESHLI fif
Fig.4 Mechanism sketch of leg

A'e
(F]
i
A, 'a A
2 f L 1 L
I
1 1 !:
-.E ~ v # ‘BI
~ & s
~ &
i} /145"
g I i -t+-
i Ce W
& Y
rd 1 ~
7 I ~
itor T
B, ! B,
/1. /1

5 Hlas AAHSF %2 K
Fig.5 Plane projection drawing of robot body

AARA R FR 4 C AT A AR & | B, AR %
FENLER AANR b AR R A bR R 4 C 31 8 5 Ak
bR Z B, | AR 50 B [ 0 AN AR, o] DL IR

‘R, 'p;,
8¢, :[ ' ’]

0 1
SR, H 3 x 3 HMERH M p, 3 x 1 (B
] 1 o

(RB _ e[(m)%f%mﬁ _

%05[(1’—])%—%] —sin[(i—l)%—%] 0
O
Ein[(i—l);—::] cos[(i—l)%—% 0
. 0 0 1
%Lcos[(i—l)%+%]g
i :
b %Wsin[(i—l);+z]§
= 0

X HLER ANRYER @ SRBRR UL, W IR B,
KATARIRAR B, | B AR AR AR 1A, | A

OOoOoOooo

= |—_f|l+lz+l3@

q El 0 %
gR,AL( )
i ] O

0
1 U
B iE R & RIS | R BRAYER j AT
e iz 2, AR e e X TR s e B
gt T LA R

w;

Xl w, e R Nz 3 e iz s 2k b i o &

g, e R OWHIE HEE—A.
BEART B e EmT .

w,=(0 0 1)

w,=w,=(0 1 0)'

q,=(0 0 0)"

qi2=<ll 0 O)T
g, =, +1, 0 0)"
[ 1

w;
§i3=(_w’3xq” S0 0 L+ 0 1 0)°
W3
B B9 1E 8 Bl R O A SRR
gmi(o) :gocgcgieaiglleﬁlglze”gﬁggi,xqi(o) (1)

o, RN AL 8, KBRS AR5y, N
INBR ST AL g 0 A R AR R | O BIAS IR AR
PR C 28 5 [, B

[0 ]
8oc =

0 1

Horb "R N TREH L, 2R Ml ds N AR ALE 42 Jmy A
PRI P, L E R R, RORLAE AR
TE 4 Jr A bR R L

PR (Y305 32 Bl 2 ) 20 E AL i Y AL S
SRS L g, (0) B AR B K
fi# o, B F ;o

(1) AT RS )

gﬁ,u<0) = % eBifiZG}/szgBlAl(O) = gg:hg(;égmﬁ(a)
i H.



2102 b B = R KR

Abft A 4R

2017 4

I'“.- =[1, + L,cos B, + Lycos(B, +y,) Jcos q,
byAL =[1, + lcos B, + Lycos(B; +v,) Jsin q (2)

I'zAl =l,sin B, + Lisin(B, +v,)
FrRRLL(2) MR 7 5 1 T 5% Sk [18-19 ],
M AT LA E] o, B, Ay, HARZSHEWTF

b b ™
a; = arctan2 ( Yays %y ) - 5
a, =0
B; =2arctan ¢, T
v, =2arctan t, — 2arctan ¢,
b b
«; = arctan2 ( Ya;» x4l) +
B; =2arctan i, a;, <0
v, =2arctan t, — 2arctan ¢,
ot
2 3 3
' _ay ey ta, —ay
l a, +a;
2 3 4
‘ _bil * bll + bi2 B ba
, =
b£2 + b[3
a, == lebz,qi

@p :2lz(m -1)
A =I/ZA1» + (W - 11)2 + li + l:
b, =- 213[7211,-
by, =2[3(m -1)
b, :th + ( /’xii +[’yii - ll)2 - l; + li
9% 7 LR A 1 AT 2 A JLAT R
Bl 6T (FIE 1 0, S 0, BUES;1EE 1T 21
BUES 6, WS .

g
R

6 AN Y JL AR R 5L

Fig. 6 Geometric meaning for different solutions

2.2 BEFEHE

PO AL N B AR AT A — A IR LA, AR
SEZIFBALA I 3 F 6,4 26 B2 AL Y
RIS RE . X T IFBRALI T = , i T 4% SChE i
S RCE RS , FEIE B 8l o 1R RUK figg Al w52 R
HLZRAME — , H R I R A SRS I LA IE 12 3)
SRR — BT o JFIBRHILAG 352 2l ) Y SR
it DU A X 7 B4, TR 4 AL A% A AS 1A B 07 5 4% 2
Ui 1 AR B 3 e SR iR 308 32 gl 2 ) AR AT AT

B ST R A, DL B R 192 3

R 4 107 ST S % A br R AR 47
KM g, eSE3)Fm, Hi(i=1,2,3,4) K2
WTE AR AP R O] PP P, e R® R,
55 0 A% R R v AE O A bR R B Y Ak A H
'P, e R'FER,

H (1) Al 53]
bP> ) ) oP‘
[ 4‘]=gcétgoé[ A‘] (3)

1 1

WGP, g, WS (3) R P, .
FERRYE 2.1 WoR M R4 (2) , BN AT 15 255 © 4 h)
B MmmE 0, = (a; B vi)'s

3 BRIERXBEHFRBSHT

DLES N TE AR AT R B Bl 20 S 8 T I
N5 A RS A 3 SRS AAE
AT S X AR R R AT I B B 2 AR 7R A L
SIMTIE SR R TT i o i T LA AR A
5 A HBE TS B MR S 6 A H B AT
XF T4 E B B A RS A O BE AR IR [
B 58 i L o X BB X UHL AR AAS IR B L %
AT D VR R R AR B A B e 2 T
P& 2 Fh s 7 2 ORIE AL B I ORIE RS 45
SRl W DR SN R VAT R PR (Y T U (B SO
P BRSO BE T, A A PR RS D B2 A7 B Al
25, BCRE AT DU 45 1 R[] b 8 1) 00 B8 ) 6 R 32
AL LI ARAE o BT X ERAE R RS A IR IS
{14 R AR A 2 ) A O AN 20 AT
3.1 RIEBMEEHNZ

BAERT B MLAL T7 IR 1 7 B s o il P 9 4
BT B0 =0 XF 1 T AL 5 2 e IT I #9572
IS B AR AR R ST HARAR R T, o,
AR R SIS FE R IWEMES,
x B L D7, T RARAR AR T 5 AR AR PR A | S
AT BB AL T R AR R o o

4, <20,

Bl 7 R AR B A 1A

Fig.7 Mechanism sketch of operating arm



AL ALF R

510 R, — R T DO BB AR b 2103
6 =0 i, el A2 bR AR 5 T2 AL bR R B ry = —cos @;sin 6, (7)
O h+h+L+1+1h r, = —cos @ssin §, — cos 6 cos 6 sin 0, (8)
g.(0) = g3 EI 0 % ry, =cos 0 cos @5 — cos @ sin g, sin g; (9)
0 U 0 T3, =sin fgsin 6, (10)
- 1 = r;; =cos 6,sin 0‘ (11)
Hy T H s 50 360 60 B 7 o in 6 6 (12)
00 ry; =cos 6, ‘ (13)
W, =w; = %% P, :aacos'el +15(cos 0, cos B5cos 6, —sin ,sin 6;)
a0 (14)
©, =0, =w, = %E p, =0,sin 6, +1;(cos 6,sin O + cos B5cos § sin 6, )
g (15)
AR TE A (0 F5 KM ST A I R L p. =0, = lscos §sin 9, (16)

g, ( 0) — e§1¢91 e§292 e§393 e§494 efsesg“ (0)
FHFE B R IT S
Mt T2 T P[]
P(0) :%21 Ty T3 P»»D

]
1 Bt ™2 T3 P:H
b o o 1

TR RGN TR S T EL A b 2R A A A B AR PR
fr B, Horp

r, =cos 0, cos fscos( 6, + 0, +6,) — sin §,sin 6,

g.(0) =[R<00)

r,, =cos @ sin §; + cos G;cos(@, + 0, + 6,)sin 6,

ry, = — cos Ossin( 6, + 6, +6,)

r, == cos fssin , — cos 6,cos(6, + 6, + 6,)sin 0

r,, =cos @,cos f; — cos(f, + 0, + 0,)sin §,sin 0,

ry, =sin Ossin( 6, + 6, + 6,)

;s =cos @,sin(6, + 6, +0,)

r,, =sin §,sin( 6, + 6, + 6,)

ryy =cos(60, +0, +0,)

p, = — ls(sin @,sin 5 — cos B,cos( 6, + 6, +
0,)cos 0;) + cos 6,(L, + l,cos 6, +
lycos(0, + 6,) + l,cos(6, +0, +6,))

p, =ls(cos 6,sin O5 + sin @, cos( 6, + 65 +
0,)cos ;) + sin 0, (L, + l,cos 6, +
lycos(0, +6,) + l,cos(6, +6, +6,))

p.=1l,sin 0, + l;sin( 0, + 6,) + I,sin(0, +
0, +6,) —lsin(0, + 6, +0,)cos 6

3.2 BREBHEEHFE
H TSRO W, 4

[0, =1, + lcos 6, + lycos(0, +6,) +

E l,cos(0, +6, +0,)

[0] =L,sin 6, + L,sin( 0, + 6,) + (4)

E l,sin(0, +0, +0,)

'4_9! =0, + 60, +0,

A g, (0) 51

ry, =cos 6,cos fscos O —sin 6,sin 6 (5)

r, =cos 0, sin 5 + cos fscos 6 sin 6, (6)

25 S RAK(14) , I (6) 1R
A (15) ,715 3
p. =0,co0s 6, + Lr, (17)
p, =6,sin 0, + Lr,, (18)

W MZERTH L, R(0) 5 6,.65.0, FHK,P(0)
56,.0,.0, X, AT RIEAE, %2 H P(0)
K 6, MRy TARIELA, 0, W R(O)
3.2.1 RE4x B 695 oy ok

1) Kfi# 6,

B (17) K (18) 1
0, = (p. = L) +(p, —Lry)’

2) K 0,

= (16) 14
0, =p. = lsry,

3) Kf# 0,

A (17) FX (18) 1%
p. = lsry,
b

P, — lsry,
a

cos 6, =

sin 6, =

NI}
6, =arctan2(p, = Ilsry ,p, = lsry,)
4) K o,

A a(5) (2 (6) 1%

sin @5 =1, cos , —r sin 0,

LNI]

05 = arcsin(r, cos 6, —r  sin 6,)
5) Kfi o,
A a(5) (A (6) 1+

r,sin 6, +r  cos 6,

cos 6, = cos 0
M (7) 15 2

. T3

sin 6, = - cos 0,



A 4R

2104 S -l PN 2017 4
LNI] le =sin 6, ’fzz ZZSrZI »Ij\”J

0, = arctan2 ( —r,, ,rysin §, +r,,cos 6,)

6) 5}‘_{% 92 \93 \94

R iR (4) 153
» Sl P

% = arctan — + arccos ——_———
= u 2sl,
) Pl s

E = arccos 21213

Lel =0, -0, -0,
B2V

u=6,-1 -1l,sin 6

v=60, —Il,sin §

s = u2 +1}2

7) WA EIHE

1% 0,.0,.0, ITCA R(0), 155 LRy L8N
R (0). & XHERMFE R, (0) N %4 w2, W
R(0) =R_(0)R,(0) ,\IMi 15 5]
R.(6) =R(6)R]'(0) =R(0)R.(0)

H RIS 7 R A 506 i T R S A R 2%

3.2.2 RIEREMEMT X
1) Kf# 6,
Ara (1) (20(12) al 4%
BE
cos 6, sin 6,
. T3 ‘
sin 6, = sin 6,
NI}
0, =arctan2 (ry, ,r ;)
2) Kfi# 6,
A (13) ] 15

0}, = arccos rj,
3) K 6,
st (7) (3L (10) AT 4%

LEY

cos f5 = — sin 0
y

NI}

0, = arctan2 (—ry, ,ry, )

4) Rfi 0,

WMEEP(O) A ,p, p, 5 6,.0, K, 6, E
2 R(O) K th TTENLAS AN T8 AR, L
BN AT G Y 3, T HoR 22 AR )l
TEHL B B 00 B8 R A, B AR R BB AR IE p, p, 5
WA AR H AT DU Al 0, R p,p, B
P =S| B NP i £ S R TR
min f(,) = /(Ap,)" + (Ap,)’

i (17) K (18), % £ =cos 0,,f;, = L1y,

£0,) =1lp, - (fu0, +f) 1" +
[p, = (fub, +) 1717
B A
f(6,) = JA6> + B, +C
A
A=(fi + /)’
B=2f,(f, = p.) +2/,,(fn, = p,)
C=p, +p, +fo+fotp.fo +p /o
S 1, % B AR R EULE 0, = B/ (2A) B HUAS d52 /N
o ¥ AB.C RS\ fion for [ fOATH
0,=(p, = lsr,,)cos 6, + (p, = Lsry,)sin 6,
5) Kfit 6,

Az (16) 1%
0, =p. = Lsry,
6) Kf# 0,.0,.0,
fit JT R (4) 15
, CAl P
0, = arctan o + arccos T
Bl -y
0, =arccosT
0,=0, -0, -0,

K
u=6¢,-1, -1lsin @,
v=0, -1l,sin g,
s=ul +0’

7) AL A 2 15

¥ 60,.0,.0, KA P(0) 133 SLPr Y17 & 55
WA P, (0) o P (0) A EmZ2E, H P(6) =
P.(0) +P (0),M
P (0) =P(0) -P.(0) (19)

AHe B0 A PR 28 25 300 it 7 VR T B A 2
3.3 BHERNMESHE

P AR A 5 A R iz S, 7 ] A
RO —ATUA B il IR IR , 4% I AL 507
%, s g AR g B o i %k o sk A AL AR A
AR AL B T B Bl B R A A R T R AR R R
R 25 0 30 i J7 12 oR A9 L B 1R 22, AR il AL &
AR R 22, DT AT S I BRVRE il B 0 SR o %5
i il

MEMB RS SO BEMEMES)E, b
A1) Al BB w2 P.(0) . WRIE2.2 95,
P.() AT (3), AT7HEIP, 4

18 Pe(O)]

0 1
FEARYE 2.1 45 R A B 4L (2) , BT 4951 4

goc:[



e R

5510 TR, 4 — R L P LS A S A 2105
MLm= (a0, B y)'s VI A AR Rz 3, o] L0 R AR 69 T AR =S 14 .
3.4 AEEERBEBITESESH MU S5 B A PR 1 TAEZS 1], W& 10 7 7%, A, |

BRVEREI BN SFRCTIESE g 1 7 Ay Ay LSS 1L S I LA A AR Y
o AR 3.1 W ST YRR R IR B B, W LA AR SVE L T A S = A AALAA, N R
AR [ R IRV RS 1 T AR5 18], an i 8 AN 9 i . HLAER N AR I8 B2 45 A4 1 By B AR S 25

1 BRERANENBAEESH RE T TAREZS ], AN s 11 BoR .
Table 1 Basic parameters for integrated leg-arm ZEOPAERF BB T AR 2 ], B & L 15 3]
quadruped robot BREASARPEAERE TAESSa], tn & 12 F1E 13 s
ZH Bt 4, 4
A
l,/mm 48 | L - :
L,/ mm 190 . :
l;/mm 166
l,/mm 110
ls/mm 65 =
0,/(°) ( -135,135)
6,/(°) ( -100,100)
05/(°) (-170,170)
0,/(°) (=60, -180) e
05/(°) ( -170,170) ; SRRE KL -

B 10 3 AR ST I L AR AR R e i X
Fig. 10 Stability zone of robot body supported by three legs

500 [+
400 [ 17T
E e
£ 0 300 ===
i i
E 200}-+-8
R
e 100
500
ol
Ixs ,I“\'(“
=500 < 100
- X %, 200 : i a5t
P8 AR [ E o R A R A A ] L e o o0
‘ -100
Fig.8 Workspace of operating arm with body fixed 2300 -200 y/mm

600 B YEASTEE T R HLE A A M T AR 2 i)

400l Fig. 11 Workspace of robot body when gesture is fixed
200¢

0OF

ymm

=200

—400 F

=200 0 200 400 600
a/mm

9 AHR [ E B AR XOY S I Ay AR 25 [A)
Fig.9 Workspace of operating arm in XOY

=600 -400

plane with body fixed

3.5 AEABIHEHEEETETESHN
HHLER KL FARAEBIAS, o 1 2% A i 1 12 A A AT RS o 45 T A0 5
MEAVER, Hofth 3 SAMBVE N SRR, HURT PR AT Fig. 12 Workspace of operating arm with body mobile




=¥ e E

2106 LR EPNE R 2017 4
9 P15 W HLES ABRAEBER 9280, AT T gk
| CESZESRIE S E I E U TR VN S
il SRR K 24 R I 1 300 20 01 A 5, o

o ol A5 BN ZYZ WU WK 2. WIS AT 0L,k

£ ol U AR A S 5 0100 5 G B L A
-400} AN WAL Bl A A B 22
-600
=800

= 09%00 —6})0—460—260 0 260 400 6(I]0 8(I)0 1000

x/mm
P13 ARTT A% St AR XOY T B T4 25 1]
Fig. 13 Workspace of operating arm in XOY
plane with body mobile

8 5K 12 T LA, 45 K KE Gz 5
A, AT AR R AR B b ¥ R Ve R ) T AE =5 ]

4 SCIRIIE

X B Rl 5 DO A ML N 4 R AT E R HR A )
Oy EAT LR I . B 14 Blds A AT E R

3 /N

R I o

O

(@) 3+125:35

14 PLg AT ERE
Fig. 14  Walking mode of robot

(b) XA

(a) {7 ¥(120,200.110) mm . £45(110°,90°,145°)

(b) {37 #(130.250,220) mm , ¥ 43(125°,90°,145°)

(c) 437 5(200,200,50) mm , #25(100°,90°,170°)

B 15 HLas A HRAERE
Fig. 15 Operating mode of robot

5 & i

ARSCBETF T — PR R Rl A R IO R BLAR N, H
JHREF il 73 S R R AT SE AR B A 2 FhOIRE

1) XPALAS AR AT AE A /R 2 Fhoe X 43 il
AT T IEIE Bl 5 iz 32 o A, 75 K H i AL
PR EEAt B gyt T 5 A by B R A AR U 07 AR
MESEAS B 2 B oz 3 4 5K i 7 3k, OF 4 T AL
B RIEE T IR

2) PRI T — R IR IR BCALAL B 05 i 7 ik, W]
DA S5 B AR AT A b 7 225 O RS A 4 7

3) HEATAHNL A 07 BRI S, Bk 1 HLAS A AT



% 10

T RGE 45— B R A IO R AL AR5 AT M ]

e R

2107

EMERAEIIRE

WEFEAE R T — L HLds AR AR 4 3t AL

3 Keiz sh O 5T 858 1 FR il

(1]

(2]

(3]

[10]

S Hk (References)

HIROSE S. Three basic types of locomotions in mobile robots
[ C] // Proceedings of the 5th International Conference on Ad-
vanced Robotics 1991. Piscataway, NJ: IEEE Press, 1991, 1
12-17.

TRBRE, TR . U R AT HLAR A SR B H R v M S I
LI BUBRE 550K ,2003,22(1) :86-91.

XU Y Q,WAN L J. Leg mechanism of a quadruped walking ro-
bot and its stability gait control [ J ]. Mechanical Science and
Technology for Aerospace Engineering,2003,22(1) :86-91 (in
Chinese) .

HIROSE S,KATO K. Study on quadruped walking robot in To-
kyo institute of technology-past, present and future [ C] // Pro-
ceedings of the 2000 TEEE International Conference on Robot-
ics & Automation. Piscataway, NJ: IEEE Press,2000,1(7):
414-419.

YAMAMOTO Y,YUN X. Coordinating locomotion and manipu-
lation of a mobile manipulator[ J]. IEEE Transactions on Auto-
matic Control,1994,39(6) :1326-1332.

KHATIB O,YOKOI K,CHANG K, et al. Vehicle/arm coordina-
tion and multiple mobile manipulator decentralized cooperation
[ C] // Proceedings of the 1996 IEEE/RS]J International Confer-
ence on Intelligent Robots and Systems(IROS 96 ) . Piscataway,
NJ.IEEE Press, 1996 ,4-8 :546-553.

ACKERMAN E. BigDog throws cinder blocks with huge robotic
face-arm [ EB/OL]. [ 2013-03-01 ]. http: // spectrum. ieee.
org / automaton / robotics / military - robots / bigdog - throws -
cinder-blocks-with-huge-robotic-facearm.

ACKERMAN E. Boston dynamics’ SpotMini is all electric, ag-
ile,and has a capable face-arm [ EB/OL]. [ 2016-06-23 ]. ht-
tp: // spectrum. ieee. org/automaton/robotics/home-robots/bos-
ton-dynamics-spotmini.

KATO K, HIROSE S. Development of the quadruped walking
robot, TITAN-IX-Mechanical design concept and application for
the humanitarian demining robot[ J ]. Advanced Robotics,2001 ,
15(2) :191-204.

WILCOX B H. ATHLETE : A cargo and habitat transporter for
the moon[ C] // Proceedings of the 2009 IEEE Conference on
Aerospace. Piscataway,, NJ : IEEE Press,2009 ,7-14:1-7.
WILCOXBH , LITWINT , BIESIADECKIJ , etal. ATHLETE .

117

[12]

[13]

[14]

[15]

[18]

[19]

A cargo handling and manipulation robot for the moon|[J].
Journal of Field Robotics,2007 ,24(5) :421-434.

GAN J Q,0YAMA E,ROSALES E M, et al. A complete analyt-
ical solution to the inverse kinematics of the Pioneer2 robotic
arm[ J ]. Journal of Robotica,2005,23(1) :123-129.

XU D,CARLOS A,ACOSTA C,et al. An analysis of the inverse
kinematics for a 5-DOF manipulator[ J]. International Journal
of Automation and Computing,2005,2(2) :114-124.

JIRE L PR w5 A B AR SR A HIL AR LB R
[J]. Bl #2274 ,2010,27(12) : 1-6.

LU JY,YANG Q H,GAO F,et al. Trajectory planning of a 5-
DOF agricultural picking robot[ J]. Journal of Mechanical Elec-
trical Engineering,2010,27(12) :1-6(in Chinese).

T A, — o7 0 A8 45k 46 R WL A8 N 10 i 5 40 i
[J]. g K2f244%,2009,40(S1) :91-101.

DING X L,XU K. Design and analysis of a novel metamorphic
wheel-legged rover mechanism [ J]. Journal of Central South
University ,2009 ,40(S1) :91-101 (in Chinese) .

Wit T €. DRSPS AMZ sh 2 ar[T]. dbat
BhE R %242 ,2012,34 (1) :53-58.

CHEN H,DING X L. Kinematics analysis of a quadruped robot
with variable structure[ J]. Journal of University of Science and
Technology Beijing,2012,34(1) :53-58 (in Chinese).
BROCKETT R W. Mathematical theory of networks and systems
[ M]. Berlin: Springer, 1984 ; 120-129.

TR X, T A€, 5% Dl AP 2 B S ml [ M ]
650 HLAK Tl 3 i At , 2008 :60-78.

YU JJ,LIU X J,DING X L, et al. Mathematic foundation of
mechanisms and robotics[ M ]. Beijing: China Machine Press,
2008 :60-78 (in Chinese) .

WRas 22, 509 . a2 AL &% AR AT 2L 35 1Y 1E 18 2 2% 43 #r
[J]. WUBE T AR 24 ,2003,39(2) :8-12.

CHEN X D,GUO H X. Direct kinematics analysis of crawl gait
for a quadruped robot[ J]. Chinese Journal of Mechanic Engi-
neering,2003 ,39(2) :8-12 (in Chinese).

MRap 2k, IheR, B SO 2 B AL AT HL & B 3 IR 5 45 )
[ M. G084 R 2 1 i, 2006 :31-35.

CHEN X D,SUN Y,JIA W C. Motion planning and control of
mutilegged walking robots[ M ]. Wuhan ; Huazhong University of

Science and Technology Press,2006:31-35(in Chinese) .

EER
ERBE B BLBIIA . EEBSET MRS

#i 5L IR, B R AL



2108 B[ AN R A NI N S 3 2017 4

Design and analysis of an integrated leg-arm quadruped robot
WANG Siyuan', TANG Ling’, WANG Yaobing’, CHEN Jiawei' , XU Kun" ", DING Xilun'

(1. School of Mechanical Engineering and Automation, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Beijing Key Laboratory of Intelligent Space Robotic Systems Technology and Applications, Beijing Institute of
Spacecraft System Engineering, Beijing 100094, China)

Abstract: An integrated leg-arm quadruped robot with a function multiplexing limb is presented in this
paper, and it can realize both walking and operating. The walking mode and the operating mode of the robot
are studied. First, a positive kinematic model of a single leg is established and inverse kinematics of the robot
is derived. Then the forward kinematic model of the 5-DOF function multiplexing limb is built, based on
which an optimal inverse kinematics method either to satisfy position or gesture for insufficient DOF operation
arm is offered. And position deviation and gesture deviation corresponding to each situation are given. The ki-
nematic model of a hybrid serial-parallel mechanism composed of supporting ground, standing legs, body and
operating arm is established. The body displacement can compensate the position deviation of the tip of manip-
ulator to ensure the accuracy of manipulation. Finally, the workspace of body, operating arm and hybrid seri-
al-parallel mechanism is simulated. The functions of walking and operating of the robot are verified experimen-
tally.

Keywords : integrated leg-arm; quadruped robot; kinematic model; 5-DOF operating arm ; hybrid serial-

parallel mechanism
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Regularized sparsity variable step-size adaptive matching
pursuit algorithm for compressed sensing

LIU Haoqiang', ZHAO Hongbo™** , FENG Wenquan®
(1. Large Aircraft Advanced Training Class, Beijing University of Aeronautics and Astronautics, Beijing 100083, Chinaj

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

Abstract. Compressed sensing (CS), which could break through the bottleneck of the Nyquist sampling
theorem, makes the high resolution signal acquisition possible. Reconstruction algorithm is the key part of
compressed sensing, and the iterative greedy algorithm is one of highly significant research directions. A novel
iterative greedy algorithm for compressed sensing, named regularized sparsity variable step-size adaptive matc-
hing pursuit (RSVssAMP) algorithm, was proposed in this paper. The regularized idea and the variable step-
size adaptive idea were utilized in the new algorithm to achieve a quick and accurate reconstruction under the
condition that the sparsity of a signal was unknown. Compared with traditional greedy algorithms, RSVssAMP
could reconstruct the signal without prior information of the sparsity, and it could accelerate the reconstruction
speed obviously and achieve better performance by acquiring a better candidate set. The Gaussian sparse sig-
nal and discrete sparse signal were taken as trial signals, and the comparisons of reconstruction probability and
time were demonstrated in this paper. The simulation results indicate that the proposed algorithm could achieve
a higher reconstruction precision and take shorter time when compared with the existing greedy algorithms.
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Numerical study on intermittent flapping flight performance of
dragonfly during climbing
LIU Jiajia, ZHENG Mengzong, PAN Tianyu” , LI Qiushi

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

Abstract: Aerodynamic force generation in a dragonfly intermittent flapping flight with modeled wings was
studied using the method of numerical simulation. The computational results show that the average lift coeffi-
cient and average thrust coefficient of the modeled wing decrease with the increase of the intermittent propor-
tion at the Reynolds number of 157. They descend faster in the frontal part, while gently in the middle part,
and decrease to zero in the latter part. The average thrust coefficient is affected greater than the average lift co-
efficient. When the continuous flight turns into intermittent flight, the thrust coefficient during the early phase
and stable phase of short gliding is significantly weakened with totally 42. 7% ; For the lift coefficient, it is
mainly weakened during the stable phase of short gliding, accounting for 41.4% , but the early phase of short
gliding has a contribution of 8% to the increase of average lift coefficient. Intermittent flapping flight is possi-
ble to improve the lift-thrust ratio in dragonfly flight. When the the proportion of gliding time to intermittent
flight cycle is 0.3, the average lift-thrust ratio is close to 1.

Keywords; dragonfly; intermittent flapping; asynchronous flapping; thrust coefficient; lift coefficient
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Impeller machining technology based on 4 +2-axis machine tool
SHI Yikun, ZHU Yu, CHEN Zhitong "

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

Abstract: The purpose of this study is to enhance the machine tool’ s processing capability by improving
the machine tool from 4-axis to 4 +2-axis, which endows the machine tool the ability to process impeller using
the barrel cutter. We first analyzed the dynamic performance of the 4 + 2-axis machine tool with theory of
mechanism, which demonstrates that the tool position has one optimizable parameter. Then, we derived the re-
lationship among the half-linkage axis parameters, the tool position, and the linkage axis movement parame-
ters, and obtained a method for solving the position at the cutter contact point. Based on the geometrical anal-
ysis of the complex surface, mechanical interference and the movement range of the machine tool, we provided
a method to choose the parameters of two half-linkage axes when processing the impeller by using 4 + 2-axis,
and deduced an algorithm for generating the tool path. We finally tested the tool path by experiments. The re-
sults show that the proposed 4 + 2-axis machining method for processing impeller blade is feasible and has
promising production and application value.

Keywords; 4 +2-axis machine tool; half-linkage axis; tool axis vector; accessible cone; tool path gener-

ation; impeller machining
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Fig. 6  Flowchart of image edge detection

T AR HE

#E— 25 %F Robinson B8~ F1 I t 1 # 5 J7 )
X 07 ) fe AR R AT A A AL 3 B Ak Ak P o
5o PR A e 0L Sk 1600 VLA 450 5 R i % A 8. 5K
W, HAZ O =B BE, RNSCR A R
RTG53 K B Ak b B, Bk
B H bR A A SO RE B IR G A 1 K B
AR R 2 44 T B A Robinson 8 F
B0 A B R AR . B B AR B bR SEER SR 4 U
BT HEAT MR BAL , B e IO o ey AT{E S A
0 S R AT DX Sk 1 M s

AR R )T /N e 7 g A /)N ik Sl AT
A A3 I d F B B Robinson 35 i3 47 14 4 44
g, DB R B AR AT B EOR o IE RS M o
A 3 P v A G RIS A 3RS AR B S R AT
/N A 28 5 BE T B /N X 7 15 2% E D) 1 4 4 2
PE R B S B A5 20 Al G SRR, 5 50(5) Xt
NN AW

90°

135° 450

180° 0°
225° 315¢
2700
7 8 ATJria iR

Fig.7 Direction of 8 templates

®1 8 AT EBRR I R A 4E BE

Table 1 Corresponding matrixes of direction of 8 templates
J7 1) A 0° 45° 90° 135° 180° 225° 270° 315°
-1 0 ll:I DO 1 ZDDI 2 lmlﬁl OI:II__LI O—ID I__QI—I—ZDDI 2_1E||:|_2 IOD
ot 7 S [ E—Z 0 ZE EIOIDE) 0 0@@0—1@@ 0—2@ @O _IES) 0 OEEIO IE
1o 1L By po By o Iy D0 o 00 Ly o IR 2 DIl ¢ 20

(a) M3
& 8
Fig. 8

(b) ffiHES
1G5 K I I A

Edge detection and fusion result




AL ALF R

2140 Jb o5 fi 2 MK K % i EEEEE 2017 4¢
T2 HilLEHMN xR3 XBRSHY
Table 2 Sharpening processing rule Table 3 Experiment parameters
J7 A5 A Bk B Bk B AR E 2 Bl
Ij0.25 0 0'25EI ISR/ (m x m) 1x1
0° FF0.25 1 0.257 T HL 7 1) RS W A ST/ () 40.69
Llo.as o o0.25U D 3 1) £ BE R/ (©) £2.2
0 0.25 0.25 O B X i Bt
45° £F0.25 10259 it 11 77 1) AR A R
Llo.as -0.25 o J T L Daubechies
0 0.25 0.25 0.25 . 7N B B 1
90° B o 1 oA\ K- J7 18] A ER B 6
Llo.as —0.25 -o0.2501
Ifl' 25 0.25 0 O
135° F9 25 1 -0.25 97 Xt £ 95 1hl
Llo —0.25 -o0.250d
Ifl' 25 0 -0.25 O
180° F925 1 -0.253 e L7 1)
Ldos o -0.250d
EIO -0.25 -0.25 O
225° F9.25 1 -0.25F X £ 75 1)
Ldos o025 o O (a) Hyfiizah s (b) I i 41
D—o.zs -0.25 -0.25 0 '
270° [ 0 1 0 B 7K 5 1]
Llo.2s 025  o0.2501
D—o.zs -0.25 0 O
315° £}0.25 1 0.25H Xt A 5

() 0.25 0.2501

Coi(mon) =Y 3 C(i)h(2m — ) h(2n -j) +

i

> S Al G h(2m - i)g(2n - j) +
> D di(i.)g(2m — i)h(2n =) +

i

> Y 4 (i)g(2m ~i)g(2n - ) (8)

3 BEXBRKEGTEM

h T RAESS 2 5 43 B Y IE B 7 R Ak
T4 G Rl O B Al B AR T A
G 25 P T H S 86, O X AR SC O i RN Fh S 5 4%
REATT & mALTEA
3.1 BEXR

BE A SC T4 1 /DN D A o A 300 GRS D 1) 22 0
fiff SAR BURRLA J7 vk, 3 3 45 1 T 9250 i AH ¢

i 6 W@ 2 5 1 1 I TerraSAR IR 3 17
flG e, IR A SCRR [ 13 ] 2 i i S w5
TIAS 5] (L Rl A A% B 1 7N D il A D 4 Ry X B S
5 DL TE A SCRT 4 5 1k A o o

B 45t T 4 Bl & 7 ik 45 200 ml & 45
o FTLLE Y BI(E LA A & A 208

(d) 4= S ki

(c) I{:.’)’Lx!.‘}’l{ Filh ,’-.}l'--'-l

Ko mhaas
Fig.9 Fusion results

577 AT U R, B0 T H AR 4 AR R
HAEG T 15 G5 10 /0N W il 4 D ¥, A SC 7 i 15 3 1
15300 55 TR0 BT , 40 5 3 0 BR R s
3.2 EGITEMG

il RS AT A 7 v £ A PR W
PRAG 77 1 A0 % WPEAS 7 1 o S WLPTA O iy 0 10
G R AT T A, FL A RS R A B
A KT HHR 25 O A% EMEEA K
KK F, EAE N BAFA R 2 WA 7 v i
PR Ge i ERAE A5 0 A0F 25 AL 8 b 1T A6k 7
{5, M S e A B R SR B R . XX
Rk [ 27 148 th R4 PR 0 A 40 2 0o 4 TR 4 B
Ak 0 il P 15008 Y 1114 1 15 B 2 ke F T A 5 SC
BRL 13T 45 T 35 T G5 3 4 M 0 S 0 L 3 T 355 e )i
BOPEAN T35 8 I S5 45 bR i i X,

ASCR I TE BRI MR EA
W 2 58 SR B 7 R A2 IR, i 3 b R A i



% 10

AR R T/NEB B 207 0 SAR BIRRL & 7 ik

AeALF 4R

2141

BALTR bR BE PR R W) B SO IE I ARCR B T
FWr, [ 0l T A5 M LE 3T Al Bl 5 PR A M
KA LM T 4 MRS TR B A RS AR BT AL
e 8

M 4 TS Y, AR SCT7vA A B ) Bl 1R R
HA B 15 B, UL ] e R A & 9 15 B
FH TN AR SOTNERR B RS BB 2 X
A R K49 7 AR S S P4 A0 8 T IR T 5 R O 4
U RS R RO A O BT LA R A S
o AR5 Rl G AE G H A T A% 5 /N i
B 07 5 YA R A A 35 (6 Rl 5 O 0 A R L B
o, ELHGEE 804 P AR AN A1) F A 5

x4 FHER
Table 4 Evaluation results
= . -y o N 1
Bl A 5 ==
Ak =Yg 2 LA 2 LA 4B
Pt 6.6723 0.1265 0.1419  9.2642
A RSP 6.6840  0.1194  0.1349  9.2062
g N E A ™ 6.6042  0.3910  0.4287  8.5440
VNS QTR 6.7341 0.0837 0.0938 8.9305
A
4 & g

1) ASCERXF 2205 6 /i WL Y SAR EI% B
P A B AR ) R, 45 T — b 3k N AR 4
FIS0 2 K6 1 22 07 15 i1 SAR R4 il 45 4k 3 149 397
ko

2) FFH /N A8 4 22 i RS0 440 1 358 43 ik
FOR3EAh  BROR B T IR 5 0 B M 3 A 2., Sl
AT ZH M mEGERAEN B2 0ifE R . it
el b, BT H AR 1 5 0 Wi R 2 07 067 {5 B AR LY
oK HEAT I G AR B R A b

3) B SERRY, B B E BB S RA
AUV G L, E b 3 % 58 8 A J8. 3 n 75 B, £
S T 158 SO 307 MR A SO A o A PP AG 45 2R
W UE B T A SC 5 i I A o .

2% 3 Hk (References)

[ 1] KIM J H,HEER C,SCHAEFER C. Astrium technology develop-
ment for next generation SAR[ C] //2013 IEEE International
Asia-Pacific Conference on Synthetic Aperture Radar( APSAR) ,
2013 24-26.

[ 2] GANTERT S,KERN A,DURING R, et al. The future of X-band
SAR: Terra-SAR-X next generation and WorldSAR constella-
tion[ C] /2013 IEEE International Asia-Pacific Conference on
Synthetic Aperture Radar( APSAR) ,2013:20-23.

[ 3 ] PAPSON S. The exploitation of multi-look synthetic aperture ra-

dar and inverse synthetic aperture radar images for non-coopera-

[4]

[10]

[12]

[13]

[14]

[15]

tive target recognition [ D ]. State College: The Pennsylvania
State University,2007 ;1-20.

RUNKLE P,NGUYEN L H,MCCLELLAN J H,et al. Multi-as-
pect target detection for SAR imagery using hidden Markov
models[ J]. IEEE Transactions on Geoscience & Remote Sens-
ing,2001,39(1) :46-55.

KRB BRAS, B, 55 BT FDTD 95 fR L SAR [l 9 {5
SOEITEN] RE TR SE T HOR ,2016,38(1) :45-52.
ZHANG H J,CHEN J,YANG W, et al. High-precision simula-
tion of SAR echo using FDTD method[ J]. Systems Engineering
and Electronics,2016,38 (1) :45-52 (in Chinese) .

WANG K,CHEN J,YANG W, et al. High accuracy SAR echo
generation approach using space-time-variant backscattering
characteristics[ C ] // IEEE International Geoscience and Re-
mote Sensing Symposim. Piscataway ,NJ: IEEE Press,2014,30;
656-659.

DAVIDSON G W, CUMMING I G,ITO M R. A chirp scaling
approach for processing squint mode SAR data [ J]. IEEE
Transactions on Aerospace & Electronics Systems,1996,32(1) :
121-133.

2T, B, B n] . — b ik Oy 47 1) JE Lk CS R
i SAR B 5 1 [T, 18 By B 4 K 2% 2 4, 2008, 30 (5)
62-67.

LIY L,LIANG D N,LI X Y. A refined azimuth nonlinear chirp
scaling algorithm for high squint SAR imaging [ J]. Journal of
National University of Defense Techology 2008 ,30(5) ;6267
(in Chinese) .

DAILY M, FARR T, ELACHI C. Geologic interpretation from
composited radar and Landsat imagery [ J ]. Photogrammetric
Engineering and Remote Sensing,1979,45(8) :1109-1116.
B, Wik R 207 07 A B BSR4 19 SAR H AR U
[J]. 3% 24,2010, 14(2) :252-261.

HUAN R H,YANG R L. SAR target recognition using multiple
views decision fusion[ J]. Journal of Remote Sensing,2010,14
(2):252-261(in Chinese).

BROWN M Z. Analysis of multiple-view Bayesian classification
for S-SAR ATR [ J]. Proceedings of SPIE—The International
Society for Optical Engineering,2003,5095 :265-274.
SNYDER W C. Model-based fusion of multilook SAR for ATR
[J]. Proceedings of SPIE-The International Society for Optical
Engineering,2002 ,4727 .277-289.

SRR AEHERE MKk R RS [ M. deat: 7 Tk i
#1,2008.

GUO L,LI H H,BAO Y S. Image fusion[ M ]. Beijing: Publish-
ing House of Electronics Industry,2008 (in Chinese) .

22T, SRR, S e, S5 BTN IO BT S O 1] B AR 1Y
SAR Mgl & £ AR WF5E [ T]. 315 B RE I 0F 5, 2007, 24
(3) :280-282.

LI W B,ZHANG S L,XIE Z L,et al. Application of SAR image
fusion based on wavelet and directional template[ J]. Applica-
tion Research of Computers,2007,24 (3):280-282 (in Chi-
nese) .

MALLAT S G. Multiresolution approximations and wavelet or-
thonormal bases of L?> (R) [ J]. Transactions of the American

Mathematical Society,1989,315(1) :69-87.



2142 b5 it = i R OR ¥ e R 2017 4§
[16] HHEBE, BN, a5k, 4. — R 7 A 09 1 B2 1R [22] COHEN A,DAUBECHIES I, FEAUVEAU J. Biorthogonal bases
R 7 [T, R AR BE TR 2% 2% 4R, 2010,30 (3) . of compactly supported wavelets[ ] ]. Communications on Pure &
378-383. Applied Mathematics, 1988 ,41(7) :909-996.
WEI C T,LVJ G,YANG X W et al. Road extraction method in [23] DAUBECHIES I,HEIL C. Ten lectures on wavelets[ J]. Com-
remote sensing image based on direction template[ J . Journal puters in Physics,1992,6(6) :697.
of Guilin University of Technology,2010,30 (3 ) :378-383 (in [24] HERIC D,ZAZULA D. Combined edge detection using wavelet
Chinese) . transform and signal registration [ J]. Image & Vision Compu-
[17] Z#E =, MR F. £ J5 0] 5 H A M 3G e T S i B 2 3 7% ling,2007,25(5) :652-662.
[T]. iH3E ML T AR 531 ,2003 ,24(6) :91-92. [25] B, 5 KA, bk, T Canny JHARAY Robinson i1 % &
QIN X Y,BU Y Y. Construction of multi-direction template and MR [T]. AL TR 5 R4 ,2016,38(4) :755-760.
fast algorithm for template matching[ J]. Computer Engineering HE G Q,LING F C,LIN X. A Robinson edge detection algo-
and Design,2003,24(6) :91-92(in Chinese). rithm based on Canny idea[ J]. Computer Engineering and Sci-
(18] ki AR BB GmMBE AW [D]. &M &I Tk ence,2016,38(4) :755-760 (in Chinese).
K54,2009. [26] BhH, 48P, W0 FRALG I 2 BT IAG [ D] 855
ZHANG ]. Research on the techniques of digital image edge de- 545 & ,2013,35(4) :1-7.
tection[ D ]. Hefei: Hefei University of Technology, 2009 ( in HAN Y,CAI'Y Z,ZENG Q. Objective image fusion performance
Chinese) . assessment[ J . Command Control & Simulation,2013,35(4) :
[19] DELEDALLE C A,DENIS L, TUPIN F. lterative weighted max- 1-7(in Chinese ).
imum likelihood denoising with probabilistic patch-based [27] R35, TP, ZEHT. BRGNS R k(1] B
weights[ J]. IEEE Transactions on Image Processing,2009,18 R 1%,2013,35(3) :19-23.
(12):2661-2672. ZHOU F, WANG P B, LI C S. Evaluation method of remote
[20] #5#, M 42 3C. % 8 Haar /N3 725 4 K FU7E JC 2% 20 IRMG % 4 sensing image fusion effect[ J]. Modern Radar,2013,35(3):
PR HILT]. ST R 24 ( A AR R 20 ,1999,16(3) 19-23 (in Chinese).
161-167.
YANG J,TIAN J W. Integer Haar wavelet transforms and loss- EEBN:
less image compression[ J . Journal of Guizhou University ( Na- AR OB LA, EEM TR SAR FE I E 5 AR,
tional Science) ,1999,16(3) :161-167 (in Chinese).
[21] GOUD P A, BINULAL G S. Simplified method of designing e B R, EEOTSE M SAR R E S %
daubechies wavelets in class room|[ J|. International Journal of Qb3

Recent Trends in Engineering,2009,1(4) :52-54.

Multi-aspect SAR image fusion method based on wavelet transform

SHI Quan', LI Jingwen', YANG Wei"* , ZENG Hongcheng', ZHANG Haojie’

(1. School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. Beijing Institute of Electronic System Engineering, Beijing 100854, China)

Abstract: Considering the diversity of target scattering characteristics with different observation angle and
information redundancy of multi-aspect images, this paper proposes a novel multi-aspect SAR image fusion
method based on wavelet transform and edge detection. First, wavelet transform was performed to multi-aspect
space-borne SAR image processing. The images were separated to different parts of frequency so that the multi-
resolution representation and multi-aspect information of sequential images can be conveniently fused. Second,
the improved Robinson edge detection algorithm was used to strengthen the energy of contour feature. Finally,
fusion experiment and quantitative evaluation method were used to verify the effectiveness of this fusion ima-
ging method.
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Aircraft predictor-corrector guidance based on online
constraint limit enforcement
CHENG Yang” , CHENG Lin, ZHANG Qingzhen, NI Kun, CHU Pei

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

Abstract: In view of current research situation that the ballistic performance and constraints are unable to
be guaranteed by traditional prediction correction algorithm in the reentry process, a new reentry guidance
method was proposed, which combines the offline trajectory optimization based on simple parameterization of
bank angle profile and the online prediction and correction. Process constraints were analyzed through equilib-
rium glide condition and the monotonic property of range to bank angle profile was proved. For offline section,
control model was built through control variable parameterization ( CVP) and the trajectory was optimized
through sequence quadratic program (SQP) to improve the ballistic performance greatly. For online section,
the solution of bank angle profile was obtained in real time, which satisfied terminal constraints through trajec-
tory iteration based on Gauss-Newton method. Gauss-Newton method has fast convergence speed and high pre-
cision for solving trajectory. Finally, a constraint limit method was proposed to cope with the problems that
high L/D aircraft would make equilibrium glide condition hard to be established and that strong interference
would make constraints be violated, which provided powerful protection to process constraints in reentry. The
simulation results show that this method is adaptable to uncertain factors such as throwing deviation, aircraft pa-
rameters and atmospheric model, and is of engineering application value for trajectory performance guarantee.

Keywords: reentry guidance; trajectory optimization; real-time predictor-corrector; constraint predictor-

corrector; Monte Carlo simulation
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Adaptive cooperative control for electromagnetic spacecraft
formation flight position tracking
LIAN Kefei, DONG Yunfeng”®

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

Abstract: Aimed at the relative position cooperative control problem of electromagnetic spacecraft forma-
tion flight, an adaptive cooperative controller was designed based on the consensus theory. Firstly, primary
principles and accurate nonlinear dynamics equation of the relative motion of electromagnetic spacecraft forma-
tion were discussed. The relative motion dynamics model was then amended considering the uncertainties of
the electromagnetic distant field calculation model. Secondly, nonlinear adaptive cooperative control laws for
formation station tracking were designed under the condition of electromagnetic model uncertainty and commu-
nication delay among spacecraft. Solutions of magnetic moment allocation by utilizing optimization method were
developed according to the difference of the maximum magnetic moments that electromagnetic spacecraft can
produce. Finally, simulation shows that the adaptive cooperative controller is effective, and compared with ar-
tificial potential function method, the ability of maintaining the instantaneous stability of formation shape is im-
proved by 4.9 times. The allocation method of magnetic moments has also achieved reasonable results.

Keywords ; electromagnetic spacecraft; formation flight; cooperative control; adaptive; position tracking
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Table 1 Theoretical analysis results of SJR gain of FM Doppler fuze under AM jamming
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Fig.2  Model of sine wave AM jamming
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Table 2 Simulation results of anti-AM jamming for FM Doppler fuze
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Table 3 Minimum experimental jamming power of fuze

actuation under different jamming waves
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Anti-AM jamming performance analysis of FM Doppler fuze

ZUO Huanyu, HAO Xinhong® , YUE Kai

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

Abstract; To improve the anti-AM jamming performance of FM Doppler fuze, the AM jamming mecha-
nism was quantitatively studied, and the anti-jamming performance of FM Doppler fuze under different AM
jamming was quantitatively studied with signal to jamming ratio (SJR) gain as descriptive parameter. The SJR
gains of FM Doppler fuze in the environment of sine wave AM jamming, square wave AM jamming and triangle
wave AM jamming were deduced in detail and verified by simulation. Quantitative analysis, simulation and ex-
perimental results indicate that the total SJR gain of FM Doppler fuze is at 10 dB under AM jamming; anti-AM
jamming performance of FM Doppler fuze is not sensitive to the types of AM waves; modulation depth nearly
has no effects on the anti-jamming performance of FM Doppler fuze; to a certain extent, reducing Doppler fil-
ter bandwidth can improve the anti-jamming performance of FM Doppler fuze system.

Keywords: FM Doppler fuze; AM jamming; anti-jamming; signal to jamming ratio ( SJR) gain; Doppler

filter; simulation
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EHbRB sk A X MFR REGARA M, K T W Iy 7O = R A O - W S B s W g

R MFR RZS S B A | 5 2 sl D A2 76 3 Al
Ty 58RI A M 11 ] A

B 3R ) B, A W 5 E GA A i R B S IR AT
JefE A (Hidden Markov Model, HMM ) ™' ) 3% fif
b AR A E T MFR (9 )2 938 54 A | 3 A
ZBIR LR EAFSY T — R T HMM RS2
ik o Ty ik e X MFR 56 55U M & T AT
% IR SE)Z AT 55 K vb ¥ R A
J7iE I 2402 8000 Ge v ReAE A5 B AR A AU
28R 5 A MER (% P4 &R A 5% 28 4E S HMM
RLRY () BT 31, I 15 5 2805 B AR PL3h (5
ARSI 51, 44 1 MFR-HMM #7 ; 55 J5 38 2o
Baum-Welch | Viterbi ﬁ%m R A S
AR, #Em F H] D-S( Dempster-Shafer ) 1E 4/ 3
WX AT 45 R AT A UL 15 B iR 48y MFR &
Gt FROIR AS

1 MFR FE5REREE

MFR R 48 N B (1 5 1k 58 I8 4 B8 T 40
THREATBR AT 55 4 B R A 0k 3 ik R &
el s RS S A5 S DR AR LT I R 4L
IR, BERE A IS M BOE AR T, IEHCHE AT 55 0 R
W AR Dy B 1 4 A AT 55 i BROE 2 9 A U 55 )7
), 1t 3 i B R A B MFR SEEE £ A4S D fiE Y
HATMSL TAE, AR L3R 507, 7T U MFR T 04T
WA 55 FR HE 5 8 F M B RE 0% I B 7R ik 8 17
BIL T 0 4 TR A A5 5 R AT 1) e S AR AR

Pt A an s 1 R, G AR S CIRE S
H3NEH,

f£55 )2 C Al LB ff o MFR 2833 4T 55 8 )5
B RIES P A, M E N MES F A . 5 F ARG
TR IR AE — UK I SR R I e ) Py xR — H bR ok R s
BT Ay BL WAE 55, 4 R S5 F O 2Z IR0 A Bk Sy, Gl
ity i A S B 2 AN DI RE I T AT TAE

R ZE PR GBI L BT 15 D AR IR A 1 T AE

”?j—],:( | f'__,\ Fu I Fc hr [ F.\{
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Fig. 1  Hierarchical model of radar emitter
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i, LA RAT 55 Tl S AT 0, 0,0,05 K
SR

ZHUE WAE RO E, #R T MFR {55 %
fEEX B AR RTINS BE R, 2 &F
6 2 HlE ) RE 08 52 B0 L ) B8 IR A 1Y [ 2 Ik i 41 4
o ZEZH&ANK AT HES W RR, 25
SAHR R W, = | M N

M RS GE TR AE B8 5 4 i A
SRS SEN AR, IS SCmk (4] AR 5
TR B S BB T vk, T AR A LUE 4

1) M* = x,, Z8UE 15 E A28k (%
=8,

2) M =[x, x" ], BB S X D)2
fili i

3) M = {xy,x,,
FR)F 3 o

4) M° =f(x) , ZEE N R BB Al A

T RHZHEI R A, MO0, 1, n K
WORNE S8 T B &R E & S0 AR T,
DL F Bk o 48 3 < ik i o 52 4] B ( Pulse Recur-
rence Interval, PRI) . #% #il ( Radio Frequency,
RF) Jjk % ( Pulse Width, PW) Jy i, 2% 4~ 2 51
WA N KR Ny PRE:1—[h € ;2—Z 22 ,3—4
A A—PE) S A s 6— P RF 1T —[F5E ;2—
FEAR 3 — 2 PW L 1 — [ s 2— 2 kWi & (£
) s3—#ah.

Ny B — ik iy ) 4 ok A 5, 7E 3% B Bk e
Fegl b, BT A S HC 035 A A A IR AR U A2

X T — A= e g HE 1 [ Bk e g WO
HFT A% S BORAEIF AE — IO 22 1Y, AT RE & A
Z BUN R Dk b 1, HG b A B PR UK b 1 1 4 2 8L
FRAEAR ZS R 35 AN AZ o T T3 a4 A A ik b 471
W, RIVEREA S HUZ WA 2 s

W E kb s W, A B RiIAER 2 Be S

| W

B2 B W e W,

s, b, S RE IR RS
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Fig.2  Simulation of fixed pulse sequence W,
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FERUA ] 1 P Bk ob 51, R A LA PRI RF ( PW
=ZHCRB, B S BRI

¥ A Bt RF 5 PRI (3841 7 s 0 B4 21k,
%5 1 41 RF =3 588 MHz, PRI =350 us, i1 5 4~ bk o
IR, 45 2 40 RF =3 600 MHz, PRI = 700 ps,
10 Ak A 1, 45 3 44 RF =3 653 MHz, PRI i Wy
1050 s, i 8 K044 1 PW Sy — A~ X ] 2K AL &
B XEE R 1.5 ~ 1.8 wso B B PRI g7 #iL i [
FERES, H ) 560 ws; RF S $EAS A 5, XA {E
3425 ~3450 MHz; PW Fil A BEAH A, 0 X ) 2 %k
1.5 ~1.8 ps, B B gt 16 Ak vbo 02 ik v 5]
W, kN
W, = |M“, T N (1)
M= ! wd et [ws e wit =

[[350,700,1050],[3588,3600,3653],

[1.5,1.8]|[5607,[3425,3450],

[1.5,1.8] ] (2)
T = e e g} =

(031,037,010 111,027,017} (3)
N = it nilnfd [ ngt) =

{[23],[5,10,87,[5,10,87|[16]} (4)

X SEZ RAB T, o FL A B
PR K 8 o B T S, MR T AR 1 ~ 3 AN S8
MRS W FEAE PRIRF (PW 1] N ot nt" il 3" 43
SR Bk vh g W, 5 1.2 BNk ik vk B i S B
nty o A 5 1B 1.2 A S BURRIE X I 1
ik A~ 4

2 MFR-HMM &%

HMM J2 44 i 7 By R 7] Je A6 A Bty |- 79 XU
BURE R e 3k 5 400 I 7 4] 5 B R 25 =2 1) i) HE
KRR, IF forward-backward'®! . Baum-Welch"'®" i
Viterbi 559 0 S 4R, R4S % e HMM. 0L 3l
Fr 50 VF Al L85 RO AR 27 2T | B OIR 2SR T
[

XF T MFR RGEM 5, A0 R A0 4¢3 W WL AR
5 5 0 L 51,8 MR 3R 45 93 9 ) etk
B R BECIR A, W MFR & 48 B AT & /E — A4
HMM #E21 f 65 5 B X MFR I3 gtk 245 9 £
Tho SR IXAEFY A HMM A YA AR 56 T i 3] 1Y
VR A, B R T X MFR R GUIRE A2

FmMERWRRE—HRZ RS, REO WA
SORAT Al RS B BEREAIC, [W I B T B A iz ik
BAERC TG AFEAE TIOR3 22 1 52 1)
TEHELEE LT A5 B s . BEXZ N, 455 H
briz g KA, $& 1 — Fh il . MFR & 48 (1) MFR-
HMM BRI A 31285 R (%) 4 2 7 1

2.1 HMM &5

— B, HMM B8l LR 5 D280k .

1) BEADRESEE S=15,,8,,,S, | ,AEXHR
G A A RECIR A, NV O BERDIR S BB, R
— I [A] ¢ 9 RGOIRE N g, BEA ¢ (RS nT 15 2R
BIF Q0 =1q,.q,,.q.1 ,n HIFIKE

2) WIMRFAELR V= 1o, 0,0, 0,0, M HOW
DB A FRAIERCH o SO 7 R Goli b T gy
Wi FsF () ¢ AFERS AT AR BT 51 O = {o,,0,,-,0,1 -

3) WEHBMEHE A =[a,],a, =
P(q,.,=S1q,=S,),1<i,j<N,MAELT RGN
S AR S, MR (R ARG o, =0, K
a;,>0),

4) WL R AERE R A B = [0, (k) ],
b,(k) =P(o,=v,1q,=S,),1<jsSN,I<k<sM,5k
INTEARAS S, S0 F i th AR IRl o, POAESR

5) WIHHRAREM ARG 7= {m, | 7, =P(q, =
S) L I<isN, FRAEVHAEE ¢ =1 B, ZEAR
BN S, AR,

Zif LR 5 DRAESE, HMM BLAIT] 3R7R
A=1{S,V,A,B,x},

2.2 BREFRE

AT JE N, MFR 2 5t G % X6 i) 100 30 858 1 47 Jak
U, I XTI R Y H bR Y R R R GRS T
RS TR AR B 1T R G B B s AT ML 0 ke
Hh EEZEMHE BRiERAE . THMNERE
FPRAEE MFR ARG Z B MCHR K, 57

M R GRS R s R, IF M 2 H briz gk
A UL FRAE 4R

SCHR [ 16 ] % Mercury MFR (% 57 ik 45 3 & 4%
AT T 53, 48 th MFR 5 B bR Z 8 9 A0 B¢ R 2
SHMFR REFRBMWEEFEHN, g HRS
MFR AHFRAR 2, H H #r i UE 362 3, W) MFR 4%
708 SRy R R R B TR A 1% M SRRt S5 AR ARG s A R H Aw o
L MFR $E47HL2h , HAH R, W) MFR 15
NI R GOK 2 i B AR oy Bl 2 W R R
HERERES MR SR, ETH,NARS
MFR 2 [H] {4 4% [ 5 B 4% () B A% [) Jin o B3 4>
Jr 1 & K H AR 2k A # S MFR-HMM A5
TR (18 S0 0 R A



2174 b B = R KR

Abft A 4R

2017 4

Af ¢ B2 MFR /) B AR#AR N K, = 1d,,0,,
a b, Hhd, w, e, 3K AR5 MFR Z [0 1942
] 5 B A% o] B RN o) R B . X TS S
MG BUE B[R0 53 R 3 AR XCTE] s, os, o5y, 4K
TR B S R P 2 % MFR B 5% i) ply 25 B4, %
T dw.a,s s, &R PR,

RYE dw.a 3 A ARES BN A FIBUE , H 8
R AR B AR DX ], FTE B ARSI 43 R 27 A AN TR
EARAS L= Ly Ly, Ly | L= s, ] 1<,
J k<3, X2 H bRz g R A B AT 5 il 3] i AR
— A4 B MFR-HMM 1 WL 0 5 AiF 4

F1 HIEXE s 5,85 HEX

Table 1 Meanings of description interval s, ,s, ,s,

ZH 51 52 i
d i h i
v = i AR A 455 308 1o iy )
a K i ZIN (A9 395 ) R 3 38 )

2.3 MFR-HMM B §

ZZHEK[3 ], L)L Mercury 7K &2 MFR #1355
25 IR S XS 4, {673k MER-HMM #5254 A = | S,
V,A,B | A

S=18,,8,, .5, MFR RGURE D HiY
2 (Search) | # 3k ( Acquisition, ACQ) .3F H i& I/
IR % ( Non-Adaptive Track, NAT) . BB 2 43 #%
(Range Resolution, RR) F1 B i £# #F ( Track Main-
tenance, TM) 3t 5 FopR 2, HOR S5 58 LA A 141 3
Fi7R o

Vi=iv,0,,, vy, | LI
FROE TP AL & B A B B AR sl iR A 2 e,
H R kB S ] Mercury MFR, 231 42 B, 1%
FBREGHEAZ I RWME 2 Fia; Hirizsh
AR 27 M, 2 SR b B ARHL ) X MER R
s R e MFR GIRZS S H b AL 3h Z 18] ¢ & W
F IR o A ARAT T R A T 4 B0 08I A A R
ViV, 2 Ff 28 A0 g Sl 4 Sy 0L D R AR 2R # A 3L

% HMM,,
{ AcQ —{ NAT }—={ RR }—{ ™ !

”42% V,= %Ul”UZ’“.

Search

[ 3  Mercury MFR AR 25454 1K
Fig.3 State transition diagram of Mercury MFR

K2 REBKRAESZEL Mercury MFR # 3
Table 2 Mercury MFR modes classified via state

MFR AR 2 HIKEEE || MFR R IS A
W0, 0,05 W, 0,070,
Wy W, W50 Wy Wy Wy Wy
WyWsW| W, Wo Wy Wy Wy
Search W50 Wy Wy W W00,
W 03050, W, W7 w70
W05 W3 W30 w70,
W50 w305 Wy 070704
W 0,00, Ws W7 0707
W)W, W, W, WoW7 @707
ACQ W03 0505 @1@s Vs @y
0,00, ™ W) Wg Wg Wy
W55 05 0s W3 Wy Wy Wy
[OIRCIYCINON
W Wewewg 05050504
Wy Wwe W, 00505 03
NAT/TM 30w, 0,090y 05
WyWweWg 0090904
WsWewewg 03090900
W 06w W Wy W Wy Wy
RR Wy WeWeWe W5 Wy Wy Wgy
Wy Wewe W, W Wy Wy Wy
ACQ/NAT/TM  wswewewq

®3 BB MFR RESEHBEREHIRS
Table 3 Target motion modes classified via state of MFR

MFRORZS  Hinis sk MFR k2 H iz s k24

$3825, S1815)

$38283 S1818,

$38353 S18)83

535353 $18,8

Search/ACQ $3518) Search/RR/TM $18,8)
$38152 S18,583

$38183 S1838

$3828) $1538,

$3838) S18353

52825, $5818)

$28283 55818,

Search/NAT/RR 5,835, Search/NAT/RR 858,85

$28383 $2928)

52835

3 REEBMEITHIE

4.5 MFR-HMM # 7%1 5

FEL PR A B AR A 5 Mk TR = T 1) [ s — SR ALY

AR AER, T i — AL s — R AR e AR A

fith I, S 3R PR AG T v s =& th T ke
i) MFR-HMM JZ3U4E HMM 2544, 76 46 3 R A

FFAVG , R T 85 K% BAris RSN Z 1R 225

ﬂl"ﬂE"J%)ﬁ,%%ﬁ?ﬁﬂ@?&ﬁﬁ%*ﬂ%%ﬁ,??%Eﬁ%

CAHEAG I R

WeE HMM (1 15 i 2% B4 5] & H Baum-
Welch | Viterbi #1D - Slﬁﬂg:'@ 23 Fh 20 ML L ok
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e 3 ] 3) EEATE2), HEW B X E RIS M,

3.1 ®mEfRL

Baum-Welch & 4{E & EM ( Expectation Maxi-
mization ) 5 1% 9 — 45 ], 3 E Tt e HMM
AR ASE AL O A T T, A JEL % o i 3 S e 3 SR A
SR B ] AL AR Al 3T ( Maximum  Likelihood Esti-
mation, MLE) ,ffif P(O|A") =P(0[X),A F1 A’
530 R AR R AR AL, 28 52 3R AR B AT A5 3
BB AT = arg max P(O11)

s ST A

1) Rim 2 a,(i) =P(0,0,-0,,q,=S,| A1),
FERHHR AT W JF 51 K 0,050, H ¢ BFZVRZ Ny
S, HMEAE . WL AR AE 43 A E 32 b AR A AT A
a,(t) =mb,(o,) (5)

@ () =b(0,.) Y a(i)a, (6)
2> Erﬁjﬁﬁﬂ,(L) =P<Ot+10t+2"‘0n ‘qr :Si$

A) SRR TF NN o,,,0,,, 0, H 1 B} %]

REHR S, MR, AT LIASH]

B, (i) =1 (7)

B.(i) = ZB[+1(j)aijbj(OL+l) (8)

3) FEALTL A A T3 O 540K 0 B 2] R
GRA N S, IHER K
%(i)=P(ql=Si\0,)\)=M (9)

Zat(j)ﬁz(j)

4) AR A FORIE S O 544 F e+ 1 B
HRGRA BN S, F S, HME
&(i,j) =P(q,=5,,q,., :S/‘Ov)\> =

at(i)ai,jﬁm-](j)bj(oul)

N N (10)
Z Z at(i)aijBt+l () b,‘(oHl)
AL LA TR T -
1) Waf A = (7,A,B) .
2) SR AR, HOH R SR

7 =y, (i) (11)
Y &(ing)

a; =" (12)
Z%(i)

PIEARAC)
b (k) = (13)
Z%(i)
A

FTEMAACT BB A",
3.2 WREFIIHIT

Viterbi %3 D) 3l 25 # Jl JELAR g LAl 5 1 -
o5 — 1) R 05 I3 £ i R DL I 41 1 BRE T 31, ok
f ARSI EAS B AR R A7
SR FEZ] 0 = {o,,0,,-,0, |, BIA] A %5
HEXE MFR R S8 1DIR S 7 5 #4741 o

X WIFIREEABZ] o T 5] N {o,,
0y, 50,0 H ot WZIRGERE N S, 48T, A5
B AR T F 2 6, (i), HI
8.(i)= max P(qqq = S;,0,0,700, [ \)

(14)

WXt FF—mZ) e+ 1/ 6,,, (), il BRR A
R A FIREAE 4340 5 B 4K 45, AD
8,1 (j) =max[8,(i)a;]b;(o,.,) (15)

WKWK EAR, H AR AL AT 5 (15) BT /) 2 A B
Z0 0 e AERAS S BRI A5 B IR AR E P A, BAk
TEABRNT .

1) vkt t=1,8,(i) =m,b,(o,) 4, (i) =0,
I<isN,H g, (0) sem 7 FF 46 a7 i RS, X
EH O,

2) AWk R
8,(j) =112i>;[5[,1(i)aij]b,-(0t)

2<i<nl<j<N (16)
¢, (j) =arg max [5,, (i)a;]
2<i<nls<j<N (17)

Ky, () HAESE ™= X (16) B AT — i 20 /) 5 1
KA.

3) AR — AP LA E
q, =arg max [5,(i) ] (18)
Krreg, AHERERRE. K5 HATHAR N
W, 5
a9, =¢..(q5,) t=n-1,n-2,-,1 (19)

3 2 FE AR I, B AT AR 3 B 2 R R A B
Q" =1q/ a5 4. 1o
3.3 D-SiFiRIEit

D-S JE4E # IR & 7E Bayes HLiG HLfili [ 44 £ (1
PSR A 7 A b R A R A AR R
B DL K 51 A5 AT R B T 325 ok A 8 e 3R 5 B AN
R, SR .

1) MEEIEYEAR . L MFR R A5 31 R 1, 9%
PHERRAIRIR N @ =15 1i=1,2,-- N|,S, Jik
WM PR T REME . FRRAEZE Py C 1Y
WERAI AT m 2% —[0,1] X2 B S FF R 0,
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LRI 2% ) A } B P4 7>
T XL ] o 44 o A S B 1, Sy = e
p(D) =0 LA MFRiR MFR$${i
(5 reret @)y s o
Jc2@ Sil[E2R aum-Welch | &k |
REHR T H 8 (C.m(C) ). i L e
2) MEET R AL E R, RS, it HITRY
o =1 i AL AL
2° 10,1 ], [ B 2 ﬂi‘:@]“ e
(€)= Y m(D),VCC2°
El BCA
Viterbi D-Siik4 Viterbi
(D) =m(D) =0 (21) fhi R i A iR
(0) =3 m(D) =1
e2e Ik
e N . N Lo b
W £, (C) Rkl C BEAT B f, J AT R s, % TR

U, 25 RS 20 [0, 1] 33 2
f,(C) =1 = f,(C)
LP(C) = Y m(D),¥CcC2°

cND#
M £ (C) Ramis C LR f, ARl TR AL,
3) B8 D-S & U AR B A RS B HE S

(22)

(D) =0

(s =L m(C) - (23)
E CiNDN - NE =S

S (p)m (B ¥ScC 6

k= Z m,(C)my(D,)-m, (E,) (24)

CNDN - NE =D
Cj\ Dy, E,C20

SCft i, my e m, R T AR U5l o
T AR 45 08 2 1 0 o SRR SRR
HEAC R HR 5 0 B A HHAR S

3.4 RERBEIRRE

L LT3k, 3T MPR-HMM B ) MFR k25
BRI R I 4 B

T BLRE AT MFR-HMM AR A5 85 137 0%
GEER

1) SRR, XFC I BLE 15 Bk 4 1
SLIZEARA 4 DULCH) MFR £ 5 FAE L), 18 51
HISHIR o 487 50 5145 20 A0 MFRORZS 0
YL, I Baum-Welch 57 b 8 1 6 1 J5 10
R T2,

2) WRASHIFL X IR 3 170 4 PR
S, 18 032 AR 5 A BSR4 O B B
12 LR B Viterbi SR BERH I, 14 504
R 1.2,

3) AW WL D-S IEHRIIE, A 2 4
HMM BB 0RES 1.2, 7% BB 5

M4 RESFER AR AR

Fig.4 Flow of radar state transfer estimation

4 = B

S SEAE—E S R AR AR T R I, AL
PR A3, 43 0 B Uk i 48 ) MFR 2 G A R 7 2 1
MFR-HMM 5 8 (0fR 75 5% 7% Al 1F 05 125 19 A 2obk
e 2 W A0, 50 1 SR ISR 4 FR BNy [ 3R
MFR {1 8 Rl A [] 75 b A5 U g 0 G R A7 U0 5 55 2
ZH S5 LA Mercury MFR ) 5 FfR 2 48 2 #K Ak
T8 R B 43 R R B AR A R 4
4.1 MFR EHEBHHMERIE

BT 21 A ] 355 MEFR A 8 Fh AS W] B 3k A
AAF 7 R IEE B ANk 4 Frox, PA Sy ik i )32
DOA 23K 7 AL o

F 4L A3 Y PRI Y RE 2 X WK &
AR 1 B 2R RO 27 Ak e, B4 RF
SOV —2H PRI fH, B4 9 > Bk o, 4> PRI 45
3 ANk s B3 A 2R R O 32 AN ik o, A
RF Xfpif—> PRI A1 8 A fikoh, #8504 9 RF F
PW J& Ik & 28 6 /Y, B 22 J 01y 36 A ik i, 45
12 Ak v A2 — ¥k RF FI PW {H . #E5X 6 iy PRI
5 PW A28 4L, PRI J ] 28 21 Sy o B8 H000, 60 3%
4 TR PRI FATT, 5 4 Ak 56 (5 AR XN, 20 &
LR G

ZHER 4 PR EBEARGE, 05 & R
MFR JZ AR R e A B8 DL K 2 1 2 A
A5 LA WA A I 2 A 0t A [, )
KNN ( K-Nearest Neighbor) 8. % ¥ 47 {H 51, /A W okt
A 32 B A8 1 IR 2 1% 22 ( Error Deviation Level ,
EDL) , %1 100 ¥k Monte Carlo, I 53 45 A 5
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Table 4 Sample feature information of radar emitters
E ik PRI/ ps RF/MHz PW/ s REA
PA DOA/(°)
A U A 1A A IR K
[1850,1880,1940]
1 %2 [1060,1150,1100] HAs 1236/1248/1291 B3 52.1+1.5 0.3~0.7 35~55 102
[1200,1250,1310]
2 W{AF 800/850/900/950/1 000 FEAE [3850,3950] FE 9.1 0.4~0.8 33~42 105
3 40 1125/1276/1342/1497 H7AF 2331/2852/3398/3838  [EE 15.9 0.5~0.9 16~30 104
4 F®E 2100 H7AF 2300/2400/2500 %A 330.7/216.4/62.1 0.1~0.6 18 ~33 109
5 #3 1000 =100 EE 2925 #5h 50.6+1.5 0.2~0.7 33~58 100
[H B 544 (1 ko 5 A4~
[ B 690 (1 fik o 7 A4~
6 JHEE RRIKIK R 307,343, E&E 5460 £ZA 1.5/2.5/3.2/7.3 0.4~1.0 23~39 109
379,398 ik i 4 4>
[8] % Sy 800 +40 fy ik vh 12 4~
7 #1500 150 HAE [3751,3950] B3 15.6x1.5 0.3~0.6 23~38 103
8  #l3 2300 £230 HEAE [3322,3508] HE 105.6 0.1~0.5 31~38 101
100 THA SR, R A 4 4 A9 MFR-HMM AR S48 37

N
% 80 'H“”"'*"“H—*“Nh.“*
s .
= 60} = MFREZHA L
2 O o gitesm o
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Fig.5 Change of KNN recognition accuracy rate with
EDL in different models
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Table 5 Comparison of recognition accuracy rate

TR iR 2/ U 3%

% MFR J2G AR Dk ol b A BB G 2 ot
0 99. 64 97.87 83.17

8 96. 18 92.59 75.95

16 93.19 88.69 72.19

24 85.57 80.26 66.22

32 74.60 68.96 58.53

40 64.71 60.39 52.05
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S XF T 2 X i) A Ak 1 REAE A R 4T, B R
SIERR RN BRI 42 3 1) MFR 200 iy T
T Gt S BB A A B R ER R T
B A 1, 2 T IR S T IR R A A o

2% MFR 2 900080 () kg 1 J2 Ol 1 58 B0 A7 i
B (14 ik ob A5 5 28 L 1 IR S S SR A

253 LR 0 B A AR R B AR s S E SR
WL AREAE AT Ak, 005 AT D-S R4 e A
13 B e 2 Al T 45 2R o PRIk Gn 2R i 3 TR ) A AU A
HERIANE 25, R 52 0 B IR XA RO T 3, A
MRS A T A HER %
4.2 EF MFR-HMM WR&EBGITHEF
M IE
DL Mercury MFR AR &AM X4, S %K 3
AREF A R 2 F1R 3 RGERE T W43 1E
G A, 2 BB 6 AN [m) H A i HE I AL sl Bkt , A4
A4 A BRI 2R ALENE B, K5 Z X0
9 MFR IR ZS 5 41 FOWLI 51, 3x BLAN 91 2 H A 1
1) 8 AR 22 HL 3 AR AT B W I 45 AE L MER R

LR 6 Fm
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Fig.6 Target maneuver trajectory
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FHY MFR-HMM B (A 5 0035 13 1R S U000 e g
" .
fif (observed-HMM ) AXAK 5 H 4512 3 4E A W0 4% !"‘M
(42, 89.5)

fit (motion-HMM) 3 ¢ HMM J5 3% gt A7 IR B 5 &
fliit, e 6 Fras .

1) Ses MR R 0 A o 7 T30 B 1 B8 A5
BAAAE 10% PUNFE R FH 2 0F T CRBIBTIRF =
BRI A B A SR B L 2 A8 38 i 2k
LU CHAR 1), B AL & 2L 1) 60 D HLBIR AR
S (S PR A R 2% 2 S I i R AR ) L 3 B O ik
Al ERR RN 7 s .

M T rra LU B DI 2R 800 9 3, 24
YIZRFEA/NT 5 HEUR BT, 3 B0 77 16 09 Al 11 o o 2
R B i, Hrp 2k T MFR-HMM J5 35 ) 1 3 fx
Po MYNGFEAR R T 5 #k e, 3 FoJr ik #5 fg
ARAFAEE FOAR 25 e B MR S5 MWL 6 A1 20 A AR
T 08 B AR SE , LI BE T MFR-HMM J5 3%
(A T R J 8, AT 3k 95% o TESE T VA g
B e S B R S AR, O By i IR S 5
Bl ROR o

2) EEVED BT AEUIZRAE B E 4 50 Ht i
ZEAETR B AT AR A B B R B R R
3 FhOT A B A TR AR 8 TR

®6 Bl HSEXHAYNEFEFR MFR R
Table 6 Observational characteristics and MFR state of

target 1’ s maneuver parameter

153 Eﬁg/ BEHE, e AWM Z‘F MFR
50 Gent) e BP0 WE g
R Fi s

1 300.00 1012.36 0.11 53818, W4@sw;w, Search
2 273.53 1167.26 -0.12 538183 W3w3w3w; ACQ
3 219.81 896.37 2.13 5,818 Wy@gwsws NAT
4 171.96 427.68 2.16 53828 Wygwawews RR

5 116.57 92.04 0.68 518538, wywgwgwg TM

6 135.93 -132.07 -1.16 518383 WsWewowy TM

7 221.16 -973.28 -1.02 $38383 WoWeWews RR

8 280.72 -767.91 0.03 $3838) W3wsw; w3 Search
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Fig.7 Change of estimation accuracy rate with

prior information
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Fig. 8 Change of estimation accuracy rate with

recognition error rate
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Radar state transfer estimation method based on HMM
CHEN Weigao', JIA Xin>", ZHU Weigang’, TANG Xiaojing’
(1. Postgraduate School, Equipment Academy, Beijing 101416, China;
2. Department of Photoelectric Equipment, Equipment Academy, Beijing 101416, China)

Abstract: Aimed at the problem of traditional recognition models that parameter rule description is not
complete, a hierarchical model suitable for multi-function radar ( MFR) is proposed in this paper. This model
reflects the operating mechanism of MFR system through three levels of task, state and parameter. Then ac-
cording to parameter features, a variety of functions are used to describe the change rule of parameters, and
signal joint changes and statistical information can be reflected. This model has better recognition effect com-
pared with statistic and pulse sample diagram model. On the basis of the hierarchical model, to solve the prob-
lem of poor robusiness and low accuracy of MFR state transfer estimation method, double chain hidden Markov
model (HMM) was built by introducing target motion state information. D-S ( Dempster-Shafer) evidence the-
ory was used to optimize estimated results, and a radar state transfer estimation method based on HMM was
proposed. The experimental results show that the proposed algorithm has more excellent robustness and higher
estimation accuracy rate than that before improvement.

Keywords: multi-function radar ( MFR) ; state transition; hidden Markov; hierarchical model; D-S evi-

dence theory
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