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1 B NS RBMEEETEHNBASESRTNBELE BEXR ST AN
(VAV)BLE TREWNESEER . ERAESFITEF BERBENZLANBEA, ML
EEERZ ARARARERERERAABYER LSRN ETERE, AL TANE £
BEIBRP A FEHNFR,AENSITANERA R A E EEERRT FHATT HREAA
BATANE THFEXBBEATFHFRARFATT 0, BRETZARARK RN EET 1,

X B W TAN (UAV); B4 B EK%E;, g £&5M; BET 2

hmESES. TP242.6

MHEKARERG: A

jbuaa@ buaa. edu. cn

NEHS: 1001-5965(2021)02-0187-10

Ffi % JC AL ( Unmanned Aerial Vehicle, UAV)
KRR RS PR K T AHLE A E T
(e S IEAUINNETESVSR L Vi WNGINE TR/ WN
0 L A (o P 22, A O 0 T e R R 2 2 v 3, JE N
HL A 322 2 B T HOR A BRI 42 08 1 5 3
HA o AR [ AN S LA £ T 2 i ok
J7 58 M B HL R 15 2/ L 2R R 2R 51 = 07 1.
Horp L3y 22 BRT 800 RE T3 AT BT IR 20 A
FEAEAE TR B3 | SE I PR 22 RS AN R 2 A, A
SRAN BB, R 2/ LS 5] 3 05 L1 2T
e

ARG T Py S SR e/ o N
PLE RS S R G, M 5 R G A 4L A 32 2
R AT T A48, o g i T /R E AHL
EREE T BOCHEBOR RO TT R A R v 5%
FORBEFE (2 5 JEM B M S TR (12 25 i 4l

1 ZTANBEEXRESEMRT

[T S, [ 1918 4F 3 A 6 HER—ZR BT
AHLC M7 N9 ) (9 H BLHE A B A | 4,

BAE S B 3 A v, B AL &80 i AR 2
BTN E A . TANLE CATE S Rk
FH RS BEBME T T B A I R Al |, T2 2R A K
545t T & & % ( Global Navigation Satellite System
GNSS) B4, i ol B TR T Wi AE B -5 AL 80803 it
—BRE AW S AU E . Hili TRA
R N B X Il 22 O 3000 45 B2, 24 GNSS 5 5
18 4 v W 852 B 5 T U, TE A HL ) 22 A R VR
A B F T BRI SR 2R
T NALPR S 25 A 4 50 100 B B Ay 4, 1 i 7
RESECN SN X QR LE A & R N CIE &)
AR ANAE TR ] T T AP PR K
5 g R ) B G 38 JE A HLH T RAT R, AR
AR GEARAL T HET R E AL AE B B O 2 B 4R
VEN DA FE B S WS A 55 0 IR R AE S 2
TNV L R Z B m A R . s
A Floh AR VR IR B B F R &
K 60% 5 HE I AE JG KL KRR 7R B B, AR
PR % RS2 B 8 3k 50% 0 B, S B ABLER
BB S TR A ALK T S R G
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SRR TR A B T2 )T OV T B B
RN BB . T AR XS B 3 BT HOR i Sk
s SR 5 K v B HEAT 0T
1.1 BEREHEFIRSM

UTAESR , WA A R AL B R B 8, R
A AATT AT Y 2T B, & L 0 i B T
BEWI., L5501, S B AR EEIEHE S
S % YA o6, B 8 PE ( Civil Aviation Data
Analysis, CADA) ' %} 2012—2014 4F 7532 1 ] i
RO BEAT T o0 M, A R (F WL H M
) S BUYTPEAE 1R BP0 Y H ] ik 29..09%

AN R B 23 AT Y R S A RV T ok B K
F189 5 k) S 2 BB L S AR o 7E QAT IR T8 R L R A
T3 T, B BT )R SE R 3 A S0 e S T
27, a2 HHE o - 6 P W & FE ( Decision Height,
DH) 1 #4 78 L ¥E ( Runway Visual Range, RVR)?2
AFEBR IR 43 HAKREESR Oy - CAT 138, DH (R %
SR 60 m, RVR AKX Z K 2l 550 m; CAT 11 25, DH
SR 9 30 m, RVR FAIKEE >R 4 330 m; CAT 11T
2Krfr % DH A1 RVR B9 2R 0 m, 218 Bk
TR R R b B B E B bR R
CAT NI 25, 7EEW#& KL, B4 CAT 11T 2K
PRI R G AL AL 50 PR ALy | il i R
[ B AL 3 AR Uit [ bR #1375 L R et Ak 1 PR AL
Y M8 = E R L s E R AL AR T E BR
L7 DAL 4 CAT 1T R G, 4 R 2Bl
Yoy CAT 126, sk, WA K280 =5 2\l kAT
ST CAT T EER IO I Y TR R MR T
CAT T3, 25 HL2H A H 45 5 7% W% A D) X B ik 4%
e R BORMT . X BRI DL E— 2B T A
PEAE R R ZE 5 A T/ KRR M IE U3
R, 27 BE % 8 o B T B v IR e R AT 0
CETULEET, g QOB AR A A A X L A R )
AT DL S 5 AT B A MO0 BT A 3% L ), A A B 4 R
JULTE A

B 4n,2015 423 A 16 H 18 B, I i A B br
B b 28 1 I B = KA, RE L SR 2 IR, 1.
Z 17 HIER 8 W RE WK IEH o 7Ese W], 5
R e L EE MR T CAT 12575 s bs o, S8 KT
BLYI Y 25 A~ i B 45 B Al BIL 377, 47 A ot BE 5 K
I, N S EUE R R AL g e . (g, T
i KA HL  7s 4% (Head Up Display, HUD ) 4%
ARk RAT DAL F A B CAT 11 26454, N F 5
AR Y SC4603 Fi1 SC4671 W A i BE AR L i
7R [E PR il 37 22 4 PR Bl iR B AT R R 52 50
S MUPERAE SIS AT o X 2 RIS HoA B A

SC, o A R U HUD BB R g CAT 1T
bR e R HLE Bl T o

HUD 2 —FHLEDE Y B R G, BEW% A I 1T
BALADE S BoR BOR 8 3t i S A5 B Sl s a4
S I3 i RAT R G B R TE AT A
BPIERT . B, R E I S AT RS KALA &
REAZ 1 2 % s 1Y FE 25 42 6 RS 0 9 o 8 R 28 25 A5
B, TRAT B AT DL B HUD $2 R 52 3 HL Y
HFE

gl W, e B R DGR R HT B T, R AT 4%
R T% bm e A2 ] TG AR, BEAE AT 28 T
Rz R A 0% 4 e s T B B & 5 i
Rt — LY Ko
1.2 MERBETEMEEZRT

TE A, T A EL S 28 M2 78, XA
JOR A B A AHLAITE ALY B 5 R 5 SR U 5y 3a
VI, R B R B R 2% F B B s B R
Ao TH S o [ ViR A0 1 S DA P B IE B IR TS
&ML BT B S E A b s S0 A ) R GE R =S
F 5 fii & 4 ( Tactical Air Navigation system,
TACAN, R BSFR) A M5 R g, &Ml
AIEA R N S R, EEAE AT .

1) AL I B T B 300 km B, 3% Bir Bt = i
EALAE B ROR 2 i R g R

2) MLAEML IR AT BE 100 km B, 32 B Be 5 i
FENLAE B s A T s R T R

3) MR MLEE B AU EE 30 km B, R 25 o S
RGP UCHE T2 B BORAUE ALfF B R ek

4) MRAMLEE B AT EE 10 km B, % BE S
fif B &M SR G fe .

5) A MEG 3 km I, I BOL B B R 5t
T 2 Sl L 2L, Fop i 4R 1 S U 25 B, 51

T d5 J5 — D F 5 1 A 627 Al B Bt — B2
15 AR BB RS, R R RN
R AR ML A AR XS 78 S 5], v 308 A
BHLHFHI R, A 1R,

1 “HERREROLFIERS

Fig.1 Fresnel lens optical landing system
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TEA NP G| S & ok b, 4Rt 2
FEA L AT B A SE R TR B E T
HMM 5] 5 /N4 ( Landing Signal Officer, L.SO) , %
N A DX B 6 A DA %, 6 44 /NI R 5
o R AR b i 22 A8 B R A B e &, il ik
Z )5 K CAnAT O T3 To 4 i A A ) T IR 2
PL AT AR T B IR 4R & FH AR E BIE B

TETC NHLRE T B B, BT #6 9% 19 N 7 98 It K
T W) WU b LR R A AT B, B IBAROR T
N R B, B N D350 J0 v il 2 v AR
TNHLEFER K 2007 48 A, KE)G3h T4 N
“TAT ARG KIENL” ( Unmanned Combat Air
System carrier Demonstration, UCAS-D) 4% R 535 il
TiH S B SR T AL A ERE T K s ) b T
SR RN DI O, 48 0 R B 40k E X-
47B Jo AHLPE R izt B 1 TR S AR L (I B T
AHUH S a5 - &S R .

A ARG UG, 56 45 % ) 7E IR 3 v AR 45 T
(Patuxent River) i 5 3 4 5 1 e 251050 4514,
HE 5 e HT M 17 B 1 Sk 9 AT K B0l (L
K 2) , 28 A A7 | 44 4 26 7 ol A 42000 X
Ja, T 201345 A 14 A 17 |, 56)5 B sh 5Lt
i BRI R R U LR TR K S A0 Y R B
TS ZE T X ik AR A AR

SN AC I SN (B ST S N ER A 3
HEMGE . Hi, AR S R B ARG
(Unmanned Carrier-Launched Airborne Surveillance
and Strike, UCLASS) J2 35 [E 1 ZE A UCAS-D 2 )5
A — A TE AAE R BLIT R, T 2013 424 T4
bro iz R A bR 2 AE 2020 4R 5 &8 2F 18 AT
B b SR B S AT AR S5 B JC AL A R,
IFRERE 54 AP AT, B B B I AL ) &=
#f . UCLASS 11 H BR 42 1= JC A BLAS 1 19 1 R

Bl 2 Jo AL 450 56 o 2% A5 T 2 Il 06 A 2
Fig.2 UAV verifies base station during landing at

Patuxent River

Sb, i ) a8 o N HLRY AT ERE A R FERE T A
N-JE ALY B3 [R) BE g A =S v B 32 B8 7, AT
TE B [ T i DX A RO TR B P AT ol o

2 TANBERERZZRIARK

2.1 RAE
2.1.1 MEAFEHRL

TE R TR AP B B, A3 4 Bili 5 48 (Instru-
ment Landing System, ILS) % %5 ¥ #i 1] #L 3% #8186
Jal iy, A B R &5 s i 30 A0 25 Bl B B 1) RAT B4R
PpEE T RE R EALT 1919 4FH 7R E
PR N CISE YNV ) o e | N R
) K 4% 7 H AR R, T — 2D A5 2 7T .
1949 4 UK A Rili & 52 05 1 Br R it 20 21 (Interna-
tional Civil Aviation Organization, ICAO ) YE Jy [ bR
PRl e AL EHET . X RGREE S AT AR
ST 7 A AR AN B AE B, R B A A
Ao b T RN BB AR T S o TE AT AR T i
FE b HLAR AR WOHIL S5 I A Bt 18R 1) 45 B T 3
{5 HR BT 77 A 18 00 238 AN () (9 08 PR, S ol X6 7K P i
L5 16 9B PR iR A B X RE O AE B o A E AR
B — M AR T 0 (UHE) 85 B, 92 3¢ 4 it kAT
T HEP RN mBEEE; TEERE R
VEAEH: 3 3 (VHE ) 550 B, £ 53 32 41t 5 348 R 1 1
(2.5°~3.5°) Wy Mm B 18 O o 1% & G20 H A
BONTIZ MG R G, BA B RS R L A T
PE, SRE MG EAE S ~20 m 2 [A] , {H Bl 25 35 4E R
P75 B 3 v AR PR B8 1 H 25 52 4%, % R B8 1Y 1
NS B2 B — & T, HoE 00K BE 5 00 4 % M
DLt i T AP ] 2R G ARG BE 5 3K o
2.1.2 FRAEHAA

1943 4, SE 4205 77 1K B N HT 21 b T 475 ]
i (Ground Control Approach, GCA) & 4t , I & ¥
T 2 RO 25 0005 1947 A4, 56 [ Y 1 e =S 4
AR DC3 MR, EREEM AR 5URE
i RGER 5T, 928 TR B — I IEE X
ARSI ERE . Z RS RERE R EEIKIT
TR BAT AR AR IBO N A5 S5, B T e Wl 8o
AN R L 0, WiT a FE B s e S
B 6 U D10 T8 A TR E L, TRAT SORIBCT W
PR AR i 22 BCHE , SR AN HCRL 8 WL ¢ 7 A A I R 22
I SE R R VE R AR . AR BEE B EE R
A 4 o s RO R Filb A 1 A e S U, X R
SR VE Ty AR B R B - AT E R, B M T
B AR TR S AR G TE A B O 22 S, A o
HERE (5 B ML AL B A, AT AR AR KL
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18 8% 55 80 01 2 R a5, S A SRR R AR
HH A, () 20 B 5| A P S, e S Bk
HEE A R

2.1.3 KA A%

1978 4¢ g ik — 20§ iy 5| S B 5 OKG i, [ B
AT AL LA AT 1 B ] K 9 % R 49 4 ( Time Refer-
ence Scanning Beam, TRSB) £ R 1 & it & 4t , i%
AR T2 LAY 79 7 TR T B S SR A o7 B0 o Y
R TT % o AR G B LB WOL | e T 5 )
B A A D B o AN BEAY 4 A 32 SRR 2H .
b, ML WL JE 2o 2 Wit Ty o T R A A
A0 A 00 6 DB Y ] A S AT 0 A G, AR A
[F) — B 2 YT = 1 I [0] 8] BeG , 7T LA E 4
T BT A I AL A A )AL R HR R G B
FHAR XS By 5, A TR Jiil 30 B A o #A 10 &2 e M 5 3L
ARG R U T BN 5218
2.2 ERTE
2.2.1 HKEWMEZEREFEEHEEZA

R B F E AR Bk L R &
(Global Positioning System, GPS) , [A] B Sy i &
i B G5l SRR, 83 T4 KA R
T 12 Bili & 4t (Joint Precision Approach and Land-
ing System ,JPALS) (B 53° o Lo, MRHLIA] 25 44
ARG AR B R Z RGN 2 WG SER, %
R4 T 2000 4F 58 il 55 01X, 2017 4F 10 H &
2019 4F 3 H 76 I 5 Bl AL b 38 &, SC LX) F-35B
5] R 2019 4E 4 H 5800 1 7E R SEBUR 5
ik (CVN-69) | 45 e i ik

JPALS iy #5 BRAR I ik X 2R G A -5 11 B0
REH A R, B 5 IR 482 v 52 38 4 T F0 A Bl &R 42
R Z A LA L, I R BOR SG A7 J8 ) AT B 4 ik 4
P Wos AR AE I, Z R G AL
GPS f& s 5 T HCHE B A R I 3 I i A% s
A O o 2R G0 R4S B3 1 SR TERR K O R
e, H TR AR AR AR RO A AE R A i gl ok AR
Sh s A R X Tk A% 3k | 12 2R 8 R B R A5 UHF
Xe) K54 B L H AR A 1 GPS '8 K FL A% 42 L I
A0 i ST AL 1) o S K Rl SRS, B AR R R AT
wrER RS, FU R, AT AR R SR
H B RS 1 2 r9 00 B A5 B L =SS R,
AP ERAME TR & T EAMAEE ., Kok, %
R G ILKSCHF F-35B/C Fil MQ-25A 7 i B: 45 KAl
JOR A 4 B R

TEML A JPALS $2EE Y 5] S5 B b, Rl & 5k
SR TE T OO A5 L ] AR A Y A SRR
J, 220 I 312 R G O 1) AR 1) K B2 2 7E T m

Z L2 CAT TIT 22 1 [ v 225K . M 2005 4 JF

AL EZEC I JPALS, 3B 4 B 4 LA 1 LU
AN/SPN-46 8 ik 2 T B ity I 480 4% %5 1k 37
R4, & 3 s~ Chttps: // en. wikipedia. org/
wiki/AN/SPN-46 (V) /19 oldformat = true) , R &
Hok ke , 72 2019 4, R G C R & Wiz 1T
€ 77 (Initial Operating Capability ,10C) , ] 2030 4E
¥ BL#% 5E 438 47 §8 /1 (Full Operating Capability,
FOC) , 3 {1t B e 5 B2 Y 5 | 5 7 o2 K8 o

3 AN/SPN-46 FHik
Fig.3 AN/SPN-46 radar

2.2.2 AMRELERIRAK

1999 4F, Fi -+ RUAG FRL 24wl F & kil T H
b BN 5 IR 5 & 48 ( Object Position and Tracking
System , OPATS) , 1% 7 4t 38 b v FH OG0 & F A
SEBL TR TE ML B AR R BE 8 S Hi
LA KE LT TN G T

OPATS 5 ZAETo AL 8 42 2% & I SR,
DA S 38 S RO 9 S A5CR 9 R 2 R PR 5
b T 2R G AE 58 A BE AN B A5 AT 38 o BOH
[\ 4L 5] 05 B 2= AT R &, SE I B AL 5
Sl E 4 s (https: / www. uasvision. com/
2012/03/02/ ruags-laser-based-automatic-uas-landing-
system/) o FEARFM RGN, Z RS H
PRAEIN L L 35 ~ 4000 m A5 L FEMHIAE £1.5m,
2.2.3 RAMIEBA B FHEK AR L%

1996 4FJ 4, 5¢ [ A2 1 Bk 28 ®] (SNC) JF
i Ry 26 B gy vt K APLIE B 3 B IR S
(UAV Common Automatic Recovery System, UCA-
RS),SEEWER T VI R V2 BIASIRAS . RGeS
S TCNHURBEAR XS 2 7, 9 2 MQ-8B FIl MQ-8C k.
T3 S 30 A ML v 7 5K, I RE B B Ak £t
e HAMTCAN -6 H AR 58 I 25 il A BA
B AR GE, 52 BUAE 037 58 BUR “ SE 88 B ALY
HEE7%, i@ 5 Bz~ Chttps: / www. sncorp. com/
media/1998/ucars-v2 product-sheet. pdf) , 2006 4F,
SEML T X RQ-8A % Jy i be (i LA o
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Kl 4 Fit OPATS &4
Fig.4 Swiss OPATS
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Fig.5 UAV common automatic recovery system
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Fig.8 Multi-view ground-based guidance system
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Ground- and ship-based guidance approaches for
autonomous landing of UAV
SHEN Lincheng' , KONG Weiwei’, NIU Yifeng' *

(1. College of Intelligence Science and Technology, National University of Defense Technology, Changsha 410073, China;
2. No. 92942 Unit of PLA, Beijing 100161, China)

Abstract; In recent years, with the rapid development of autonomous control technology and mission
loads, more and more Unmanned Aerial Vehicles (UAVs) have mission autonomy capability. During the exe-
cution of the mission, the safety risk of the landing phase is the greatest, and poor navigation and positioning
accuracy, personnel decision errors and other reasons are the main causes of accidents during the landing
process. By summarizing the demand for guidance control in the process of UAV autonomous landing, the au-
tonomous landing solutions for the military and civilian application are introduced, the key technologies and re-
search status of UAV autonomous landing are analyzed, and the main directions of future development in this
field are proposed.
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Fig.8 Simulation results of reentry guidance in standard conditions
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A reentry steady glide guidance algorithm based on fuzzy control
ZHOU Rui'?, ZHANG Yuhang™ ", XIONG Wei*, SHI Zhiguang’

(1. School of Automation Science and Electrical Engineering, Beihang University, Beijing 100083, China;
2. CETC Key Laboratory of Aerospace Information Application, Shijiazhuang 050081, China;
3. Beijing Aerospace Long March Vehicle Research Institute, Beijing 100076, China;
4. China Academy of Launch Vehicle Technology Systems Engineering Division, Beijing 100076, China;
5. Beijing Near Space Airship Technology Development Co. , Ltd. , Beijing 100070, China)

Abstract: Considering the periodic oscillation in reentry glide of Lifting Hypersonic Vehicle (LHV), a
feedback correction method based on fuzzy logic and fuzzy control is proposed to reduce the oscillation and
keep reentry glide trajectory smooth. First, the longitudinal guidance is developed based on the prediction of
the landing error and the correction of the guidance command, and a fuzzy controller whose input consists of
altitude ratio and airspeed is applied to outer loop of the bank angle control system. Then, the lateral guidance
is designed by the course angle error corridor and bank reversal logic, which realizes the lateral controls in
large transverse range conditions. This method is independent of Quasi-Equilibrium Glide Condition (QEGC)
and the problem of parameters design in parametric feedback law is avoided, which enhances the adaptive
ability. Based on LHV model, the numerical simulations show that periodic oscillation is effectively reduced
by the fuzzy feedback control law within terminal and reentry corridor constraints. Meanwhile, the Monte Carlo
simulation with random dispersions and errors verifies the robustness of the proposed algorithm.

Keywords . Lifting Hypersonic Vehicle (LHV) ; steady glide; predictor-corrector; fuzzy controller; re-

entry corridor
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Table 1 Reprojection error calculation results

T AR A A5/ mm H R R 22/ pixel
%

x y z EAHL AL
1 7.584 -114.794  880.039 0.043 0.051

2 7.590 -114.792  880.037 0.045 0.052

3 7.583 -114.791 880.036 0.042 0.051
4 7.579  -114.793  880.037 0.044 0.053
5 7.587 -114.793  880.037 0.041 0.051
6 7.589  -114.791 880.036 0.043 0.052
7 7.581 -114.792  880.039 0.044 0.054
8 7.581 -114.794  880.038 0.041 0.053
9 7.589  -114.793  880.037 0.046 0.052
10 7.586  —-114.790  880.039 0.044 0.052
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Three-dimensional vibration measurement method for
lightweight beam based on machine vision

PENG Cong” , MIAO Weidong, ZENG Cong

(College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract. Vibration measurement is one of the methods of state detection and fault diagnosis. In view of

the loading effect in the current contact vibration measurement method and other problems, this paper studies

the three-dimensional vibration measurement method based on machine vision. First, based on the two-dimen-

sional vibration measurement method of video phase, the two-dimensional vibration data of the measured object

in the image collected by the camera is extracted. Then, on the basis of two-dimensional vibration measure-

ment method, combined with binocular stereo vision, a three-dimensional vibration measurement method based

on machine vision is designed. Finally, the vibration measurement experiment of cantilever beam is per-

formed. The experimental results show that the proposed method can realize non-contact and label free vibra-

tion measurement, and can accurately measure the three-dimensional vibration information.

Keywords: vibration measurement; three-dimensional vibration signal; machine vision; image process-

ing; lightweight structure
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Abstract; The attitude stability of the underwater-launched small rotor UAV directly affects the result of
the entire submarine launch task. Aimed at the problems that the rotor UAV’ s attitude is difficult to adjust
quickly during the launching period, and the initial launch attitude is easily interfered by ocean waves, a novel
control scheme for the UAV underwater-launched system is proposed. Meanwhile, this paper specifically uses
a booster rocket with a vector control engine to adjust the attitude of the UAV in the launch period, and opti-
mize the UAV launch time by the ocean waves’ attitude prediction model. Aimed at the problem of the unsta-
ble attitude of the rotor UAV when the rotor unfolds after the launch, the attitude control law based on the L1
adaptive method is designed for stability augmentation. Simulation results show that the vector control engine of
the booster rocket can quickly adjust the pitch attitude of the UAV within 2 s. The designed L1 adaptive atti-
tude control law can complete the stable control of the pitch attitude within 2 s when the rotor unfolds, and has
robustness to the uncertain changes of aerodynamic parameters in the submarine launch.
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Table 1 Initial and target positions of spacecraft
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1 (1.732,2,0.03464) (0,1,0)
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3 (-1.732, -2,0.03464) (0, —1,0)
4 (0, -4,0) (0,2,0)
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among different algorithms
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CGAPIO 0.00665 0.01240 0.01229 0.00672 0.03806
PIO 0.00752 0.01553 0.01536 0.00708 0.04549
PSO 0.00704 0.01816 0.01719 0.00714 0.04953
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Fig. 10 Comparison of fitness curves among

different algorithms
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Path planning method for spacecraft formation
reconfiguration based on CGAPIO
HUA Bing® , SUN Shenggang, WU Yunhua, CHEN Zhiming

(College of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Aimed at the path planning problem of spacecraft formation reconfiguration, an Adaptive
Pigeon-Inspired Optimization algorithm based on Chaos initialization and Gaussian disturbance ( CGAPIO) is
proposed. In order to make the initial value of the pigeons more diverse and uniform, the Tent Map chaotic
model is used to initialize the pigeons. In the map and compass operator, in order to improve the global search
ability, adaptive weight factors and learning factors are introduced to update the individual’ s position and
speed; in the landmark operator, in order to avoid the algorithm falling into the local optimum, the Gaussian
disturbance is added to the center of the pigeon population. Simulation experiment results show that the CGAP-
10 significantly improves the global search ability and avoids the local optimum. The planned path is smoother
and has lower collision probability of each spacecraft. The total fuel consumed by the formation reconfiguration
is significantly reduced by 12% at least compared with the basic pigeon-inspired optimization algorithm and
particle swarm optimization algorithm.

Keywords ; spacecraft formation; path planning; Pigeon-Inspired Optimization ( PIO) algorithm; formation

reconfiguration ; adaptive factor
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Maneuver trajectory optimization method of multicopter under
space-time constraints
CAI Zhihao™ , ZUO Yiming, WANG Yingxun

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

Abstract; Multicopter are often used in complex and variable scenarios such as post-earthquake search

Considering their endurance and environmental characteristics, opti-

mizing the flight trajectory of multicopter to complete tasks better and faster has become a key issue. To this

end, a multicopter’ s traversing indoor diagonal slit mission is set up, and a trajectory optimization method un-

der multi-constraint based on the parabolic principle and the Pontryagin’s minimum principle is proposed. By

imitating the process of throwing things through a narrow window and from the perspective of analyzing the ob-

lique slit of the task object, a parabolic trajectory is designed to guide the aircraft to cross the oblique slit with

inertia. For the initial state required to throw the aircraft, Pontryagin’s minimum principle is usedto realize

the state transition trajectory. A 3D model was built in MATLAB to verify the crossing effect. The experiment

shows that the multicopter can pass through the inclined seam with a vertical tilt of 63° or a horizontal tilt

of 32°.

Keywords: multicopter; multi-constraint; trajectory optimization; parabolic principle; state transition
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Fig.2  T-S fuzzy fault tree of integrated navigation system
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5 0 0.5 0.5 0.1 0.4 0.5
6 0 0.5 1 0 0 1
27 1 1 1 0 0 1
x2 T-S(T4#HN
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1 0.8816

X, 2 0.0592
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Performance reliability of multi-state navigation system
based on T-S fuzzy fault tree
LIU Yong" ", LUO Delin*, SHI Cui', WU Huaxin’

(1. The Fifth Electronics Research Institute of the Ministry of Industry and Information Technology, Guangzhou 510610, China;
2. School of Aerospace Engineering, Xiamen University, Xiamen 361102, China;

3. Air Force Early Warning Academy, Wuhan 430019, China)

Abstract; The T-S fuzzy fault tree model is applied to the performance analysis of the multi-state naviga-
tion system, considering that complex multi-state system has different performance reliability in different fault
states. The T-S fuzzy fault tree is used to represent the performance variables of the system and mapped to the
performance index of the multi-state system. Combined with the expectation idea of statistics, the performance
reliability of the system is calculated when the system is at different levels of failure event. The navigation sys-
tem, combined with the typical Global Positioning System ( GPS) and the Inertial Navigation System (INS) , is
used to analyze and build the tree to solve the problem of the system in the multi-fault state. The performance
reliability index of the system is analyzed by making an example analysis. The results show that no matter
whether the bottom event is in a minor or severe failure state, it will affect the system performance. The inter-
mediate event is a weak link in the navigation system. Even a slight failure in the middle layer will cause a
significant decrease in system performance reliability.

Keywords: T-S model; fuzzy fault tree; multi-state navigation system; performance reliability; Bayesian

network
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Fig.4 Control surface deflection simulation results
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Abstract; An adaptive neural network dynamic surface control method is proposed to resolve the input
saturation problem of aircraft high-g maneuver flicht. The Radial Basis Function ( RBF) neural networks are
utilized to approximate the unknown uncertain parts of aircraft model. The hyperbolic tangent function is used
to handle the system input saturation problem. A new error is defined by the difference between saturated actu-
al control input and desired control input, and a high-g maneuver flight control law is designed by combining
this error, and the robust term is constructed to offset the influence of approximation error of neural network,
external interference and modeling errors. The dynamic surface control technique is used to avoid the complex
derivative operation of the virtual controller and reduce computation amount. It is proved from Lyapunov stabil-
ity theorem that all the signals in the closed-loop control system are bounded, and the attitude angle tracking
error can converge to an arbitrarily small neighborhood around zero by choosing the appropriate design parame-
ters. Simulation results demonstrate the good robusiness and stability of the proposed method.
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Guidance law design based on stochastic maneuvering
model and impact point predictions
YANG Shu”

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

Abstract: A novel guidance law design method based on impact point predictions is proposed in this pa-
per. A stochastic maneuvering model and the adaptive Kalman filter are used to estimate the projectile states,
and predicted impact points are solved analytically. Guidance commands are generated based on errors be-
tween predicted impact points and the target. The proposed guidance law is free from projectile aerodynamics
data and real-time numerical solutions to projectile equations of motion, which are commonly required by the
existing impact point based guidance laws, and thus the on-line computation cost is avoided. Numerical simu-
lations based on the nonlinear model of a spinning artillery rocket are conducted to examine the performance of
the proposed guidance law under nominal and perturbed parameter conditions. Performance comparison be-
tween the proposed guidance law and the proportional navigation guidance law is also conducted. The results
show that the proposed guidance law has better guidance performance than the proportional navigation guidance
law in most scenarios.

Keywords: guidance law; impact point predictions; stochastic maneuvering model; adaptive Kalman fil-
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Table 1 Content and procedure of test flight of foreign UAV with aerial autonomous refueling
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Table 2 Manned vehicle aerial refueling fault by pilot visual observation and contingency measures
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Fig.1 Schematic diagram of “manned-unmanned” autonomous refueling strategy



%2

AL, A A T P i £ S 7 E

265

B2 “JoN-JENT A FENZ il g

Fig.2 Schematic diagram of “unmanned-unmanned” autonomous refueling strategy
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Fig.3  Total control structure of aerial autonomous refueling
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Table 3 Main symbols and instructions

=
i
o

o X

T IF B
e TR
I 1ial e Bk 5% 61
T I M A 5% #41
) i B 5
KL E
LERUIBH
A
it 7 #61
LU A 2 %
Bl 8

R T - =T R R

3.1 iESEREREESENEIRT

B AAR R A7 il BL R 28 LUAR [R] A9 3
i Bk AR, SE S AL B E e
ARSCH P R ST AR N I BB P R AR S
(9 PID 42 il J7 3% X 45 8525 2 A7 45 il i
PR o GRS A

= K'AV + I"|AVd
{6( JAV + .fA t (1)

AV = (V,, - V)/V,
AV, RIS LS 5V, i B B
VR RRRLS
8, = Ki(d - d,) +Kip
{Br = K'p +Kr
Koo, WBIEREE MK 1 KL KD FI K] AL
191 FRR 43 1 1) 22 50
O 1) 5 5 2 2 A g
[&Kﬁ¢m>+@p

(2)

¢, = Ky - ) (3)
5 =K +K'r
S, SRR KY O R
0 5 4 25 o
8 = K& -6, +Kip
M = Kl -

%g=K¥Y—n>+ﬁﬂY—ng (4)
1

o= KI(Y - Y

Ll - kp 4 Kr

SR Y WIS KD 1T R K R
5 R R A

K!(6 -6, +Klq

= K"(H - H)) +Ifj(H—Hg)dt (5)

[0

= K!(H -H,)

S H, W LR B K KD LK AR

Ho 2 17 By R
P HLAT G 3R 2 R R B S T i A
{5. =K'V, - V)

(6)
Vi = KM (Xp = X)) + 15[ (X, - X0 de

Ao KK R H B R R L O R R BG X,
F X 43 3 T HL AN 32 90 B 7

DA ARG | R e B AR R 53 R ], RS B X
3 RS A L A P RE R AR BT A O, O A5 R
WE 4 s . MBS 0T LA W 7600 42 1
PR R e BE A 3 MBS R ZR S R, AT LA
SRR E (B | BE AU A AR, TR TR AL
R EESIE U= A T D R m I S KR IR
RATHLL ﬁé%%ﬁawjﬁ A 3 A0 O O
AKF 5% , 25 AT 45 o A RS
%Jéfﬁt?ﬁ%

P4 3 B | B AR AR L 2%
Fig.4 Simulation curves of side deflection,

speed and height keeping



%2

AL, A A T P i £ S 7 E

267

3.2 “BA-ZTANBEMZHEHERSSIEIZIT
i F e E X 30t AAR BB 5T 4 AL TR A By
B FIAEA S, B/ KB N7 A 3zl
& O BT B ) S 0| AT B 5 07 B RAIE
TERIE R ER i R o W K B AR 5 H
i1 AR BR8] A e 45 ¢ &y
X = (N + H)cos Bcos L
[Y: (N + H)cos Bsin L (7)
Z =[N(1-¢) +H]sinB
AV g W 3K T O P R il 3R AR e IR
A0 B g KA FE s L S R JE
i 5 I BILAE 55 15 T 4 4 B O 1w e B2 PR A
3 kB J) Y5 B0 00 A DR 5 O, B R DR R R
110 m/s 5 B 2 ®AT . TESFTFATEREL T I B, 1%
HBMALLL 20°7R 5% 7 6, e 242 29 0 3700 m,
SIS AL 1] 5 B2 DR AF A 3 ko, B ) TR B A IR
R0y 20°, 3 AR FE 9 110 m/so R I, 42 il 52 il
HLEL 110 m/s B 3 B9 2 700 m (1 1= J 4 5 B 4k
AT
TERUB IR B R b & A B .C =AML E (R
AT CEE dX fif 5 0w BE Y f# 5 5 % A B T
dL P53 o o sl e 5 E 6 Frs . IFRA
K
FX=MM@+mnmmM;H% (8)
dY = (VX = X, Y,) 7 /X0, + Y5,
X, WIELS Pl PRI B IR X, Y, F
Y, & IR A AN FEEGA

Bl S o AR A 0 A B
Fig.5 Schematic diagram of fly distance solution and

side deflection solution

o FeaiidmisEr

Fig.6 Schematic diagram of turning forward calculation
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Fig.7 Trajectory simulation curve of the whole process of

aerial autonomous refueling

8 A EA PN i A B = RO R
Fig.8 Three-axis tracking accuracy in the whole process of

aerial autonomous refueling
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Control strategy and simulation for probe-and-drogue
aerial autonomous refueling

HUA Yixin® , ZOU Quan, TIAN Haiming

( Chinese Flight Test Establishment, Xi’an 710089, China)

Abstract; The probe-and-drogue Aerial Autonomous Refueling ( AAR) technology has been widely stud-
ied because it requires little modification of refueling equipment and can be applied to a variety of refueling
processes. However, there are few researches on the whole flight control process from take-off to disengage-
ment. In this paper, the corresponding flight command loop control law and guidance law are designed respec-
tively to study the control strategy of rendezvous, formation, docking, refueling and disengagement stages dur-
ing the probe-and-drogue AAR. Based on the study of domestic and foreign experience and flight procedure of
aerial refueling test, the control mechanism of each stage of AAR under two different modes of “manned-un-
manned” and “unmanned-unmanned” is established, and the difference between two control strategies is ana-
lyzed. Taking K8 aircraft and one aircraft as the tanker and receiver, a complete multi-mode control strategy is
established. The traditional PID control method is adopted in the command loop, and the feedback gain and
forward gain of each mode are obtained by pole assignment method, so that the aircraft can reach the desired
speed and angle under the multi-mode integrated control system. Meanwhile, the whole process control laws
for each stage of aerial refueling are designed based on the test flight experience data. Finally, the simulations
of the designed control law show that the designed control strategy is reasonable and feasible, and the control
method has strong anti-interference ability and high tracking accuracy.

Keywords: Aerial Autonomous Refueling ( AAR) ; test flight experience; refueling strategy; PID con-

trol ; multi-mode control
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Time-varying formation H_ control for air unmanned swarm system

KANG Yuhang'?, DAI Hongde®, QI Yahui’, ZHANG Bangchu®’, LIU Xuanbing’, CHENG Jun" "

(1. Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China;
2. College of Aviation Foundation, Naval Aeronautical University, Yantai 264001, China;

3. School of Aeronautics and Astronautics, Sun Yat-Sen University, Guangzhou 510275, China)

Abstract: This paper studies the time-varying formation H_ control problem for Air Unmanned Swarm
System (AUSS) under directed communication topology, corrupted by communication delay and external dis-
turbances. First, based on the expected formation configuration information of swarm system, the real-time
state information of Unmanned Aerial Vehicle (UAV) and the state error information with communication de-
lay between UAVs which are able to communicate, the formation control approach of unmanned swarm system
is proposed. Through variable substitution, the swarm system formation control problem is converted into the
asymptotic stability problem of lower-dimensional closed-loop system, and the sufficient conditions for the sta-
bility of the system and the calculation formula of the maximum allowable communication delay are given in the
form of Linear Matrix Inequalities ( LMIs). Then, it is proved that the unmanned swarm system can accom-
plish time-varying formation by constructing Lyapunov-Krasovskii ( L-K) functional. Finally, through numeri-
cal simulation, the accuracy and effectiveness of the proposed method are verified.

Keywords: Air Unmanned Swarm System ( AUSS); time-varying formation; communication delay; ex-

ternal disturbances; H_ control

®

Received : 2020-05-22; Accepted: 2020-07-17 ; Published online: 2020-08-13 14 .39

URL : kns. cnki. net/kems/detail/11.2625. V.20200813. 1241.002. html

Foundation items: National Key R & D Program of China (2018 YFB1308000 ) ; National Natural Science Foundation of China ( U1813205,
U1913202,U1713213,61772508 ) ; National Defense Pre-research Project Fund ( F062102009 )

# Corresponding author. E-mail: jun. cheng@ siat. ac. cn



AL ALF

2021 4 2 A
FATHE 2

tEMEMRKAEFER

Journal of Beijing University of Aeronautics and Astronautics

mE |z February 2021

Vol.47 No.2

http : // bhxb. buaa. edu. cn jbuaa@ buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2020. 0206

REHFZFUOCITRNRERBES B A H
AEH, FRE, HRA

é I (1. b E TR Sk TRTFR, S0 621999, 2. WL A% A TR, fM 310000;
j{ﬁ 3. WURE TR ALRAEBE, R 150001)

i B AN ERBRER RO AT BN B FA, R ET BREEBNE
HE FMAEMEELER LA REAREFMNRAATERN. BARR A BEETHE
HRATRARESH N FHER 2N ER, R EMRE LR AR — =N, 7 A7 R %
frEs e, BREE RS2 RHmAAEE, Ak, it B R EHR (ADRC) H# AT R R &
wH L ERBRE BRABEMLHETRNELE MRS AR EARZTRAAMMUEARL
FARAAEHATRSUMN ML I AAE  ZEHN B ECRTHRRAARAANITH, S

WEE . ZTER. BAGEERRIET FIREFNENARUEMERE,
X B8 W RREOEH(MMC); HANTCATE; KRB A 5%; Byt # (ADRC); # 6 3F

%M
mES K S, V448.2; TI765.2
XEARERD: A

A% I 0 358 1) ( Moving Mass Control, MMC ) 3
AR AR R RS B S5 Al AR 8 B 7 A e 7
i 3 B R Bl R 0 T SR A 4 R R s
PR AT AR A R B i A R A
% A4 ) RE 08 1 S Mk R M T 5% it OB AMIE AR 48
00 P 1 34 0 A A IR A 25 T P o AR AR 4
AU Bh I 94 TR OF A /NI B # 7 A R g 4
H IR ROR Y MOE R SR N FEANLE) RAT 2
SUBFFLE 2 B E N A )z e

BB P28 (Moving Mass Roll Control ,MMRC)
07 ZAREFEA XS BRI 1A BN E 77 A [ € T
S Fh R o) T R B A R e A R T g T 1)
SE IR 41 5% 25 ( Bank-To-Turn, BTT) #1.3)j, Petso-
poulos %7 JE TF Yk A 5 8 T TR ¥ E 3
2 YA, I i BE O FLEAT T AT AT MR AE , 4R

XEHS: 1001-5965(2021)02-0281-08

AR T5 S A R B By T AR SE BN R
P RO T (LA IR AR BT s AR AE ) A v
ABE VO TR el A 05 AT R R Ix
BB TE — E LI BB S AT I RS B
B 25 i S 41 908 kA AL R R T
R A% U sh 2 B 3h B 0 Bk 1 5l 4%
(4 M vk s 2 B AT RN W KU B T Rk B H ik
ST RGBSR I 0 TR E E it
THARUEZ B B BUL R &, O HLAS R A AL 52 PD
25 ) S 3 107 2 MO B 5 9 — i 2 R RS
Or AT T i B 0 S 2 as S AR R e, OF Bt
TR HOmE PD g, o A R R R4
AR T AT A RE RS I I/ o i L B S B ROR
S ol (ELFE e R R 5 2 M T 308 3

e PR IR 38 2l T Y 3 T S SO A TR A

75 EH#: 2020-05-24; S HEI: 2020-07-17; M4 H AR B iE . 2020-08-06 16 :22
W48 B AR b3k . kns. enki. net/kems/detail /11.2625. V. 20200806. 1134.002. html
EEWMB: BXHRFB ¥4 (11802268); [ 15 m I 3 4 (2019M652087 ) ; f [F T & 4 ¥ W 5% Be 6 B & J& 3% &

( PY20200050)
+ BIE4EE. E-mail: zhitaoliul23@ 163. com

SIAER: NEH, 2HE, BKAE KBHERCATENRBHSAREEHT] XXM EMRAFFH, 2021 ,47(2): 281-
288. LIUZT,LIJQ, GAO CS. ADRC-based roll-yaw coupling control of underactuated moving mass flight vehicles [J ]. Journal
of Beijing University of Aeronautics and Astronautics , 2021 , 47 (2 ) : 281- 288 (in Chinese ).


qwqw
新建图章

https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK202102012&dbname=CJFDAUTO&uid=WEEvREcwSlJHSldSdmVqM1BLVW9RcWF1NVBnT0M5ODdrSXZsbk1iTlZPUT0%3D%249A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

282 Jb 5B AL R K ¥ ¥

2021 4F

R it iz Al 5 B AR FRSME 7= A 1 3l
AR AN AT R EE A AN B i M XY S BUB AN i
O AT ARG AL TR P A TG AR L
PEFIBR L SRS o LA ST X 3 il B A4 A 52 3
W RS AT TR T Bl 4 ) BRSO T S A P
TE U p R A A T sl G S A 4 ML G AR
TE o SR, B804 A1 42 1l 1L A o Jin B AR 8 42 %
T L2y ofe HCAth AR 00 ) 330, (AR 52 R 3 # B e
A SO LA T W 95 8 3 "RAT BR G, SN o] 58 3 47 4
P D A 5 % BIK S 7 1 B D, S B R R
i A% 76 A R R ) 8 2 1 [ N o G Ath 38 3 S5 it
PR A O g — 2D R S R R BT IR
I, RAEAHOT SR [ R 2 — o i TR O BIK Bl 422 1 [7)
LA 3 P 7 U AR SR A T R A
FRE R 0 45 st Y AR AR
¥ 1) ( Active Disturbance Rejection Control, ADRC)
LR 7k R 25 00 0 %% ( Extended State Observer,
ESO) F G AL 3 3h B+ AZ O, BA A HOR
PR B2 A5 R BB 4% IR T R 8 N AN 3 1 5 4
AE ) 3d T Ak A AE 5 AN 8 TR S R R
Pl 1) L, 25 A 1] B0 o T S B i PR AE A AL A%
O TR A T R B B Y
Tl R A5 2 s 2

A SCE Fe L T R OR AL BTG CAT A
R G S B JF AL R, B B AR R
35 1) TR A R AR O R, S TR S KK S B H Ik
P 4% 5 JoeJ T A RO 0 L 4 1 & A0 A RO
) i A RN R PR AT T B R T

1 REESHNHERE

ARICHEHEXRUNE 1 PR, BN TR RS
S EFh AR B AR PO, 3 L
X s b R p FoR o TRAT AR SR U IR A 1A
FI8 T NS A 28, Ry 8 0 3 e T 7 ] IR AL AS 4K 3l
PR BT R A R AR 2 g, s R

B R AR R Wi R R B
Fig.1 Sketch map of flight vehicle with single moving

mass roll control

J A R B A ) R T Y T g e T Ok B i
S HASENL S B 8, A0 8 B AR S
] e MR R AR A o

ESCEARFR o,x,y,2, B ELR b, o,x, BT 2
A2 A W 3k 38, 0,y, HlTE 2R AR XS B 1H A I B
T o,x, FER I 105 0,2, BB T EH M AR R
L1, R L R BT O AE AR 3R R A B AR AR s myg
my, Fom, 530 Ry R G851 B RN T B
oA mg=my +mysu, NIRRT, A w, =
my/mgr, AR BT b 45 10 PO p 07
R, WA AR EEE AR T
RGBS iimRaER e
cwy,) =M, + M. +M,

(1)

K () AREEBIKRT — B S8, I
A H BT 1) 7% Bl B B 5 o0, R BRAR R A T
T R e A M, =1,y x R AE T2
o BRI I, Q b kAT &R R L,y
RMNEARTT L b 5 W KB O Q M6 E K &R
NEAB T M = — 1, x R Ry Yl % 7 Az 1 kit
I S AR O T v, o AR B
bR ARG s AL E K5 M, il Yz g ™
A BB Dy HERIR AR

_ " ’
M, =- (1 _Iu‘P>mPrbp X [rb;:"' Wp, X T, +

!
Loy, + w,, X (IB

2wy, X1, + @y, X (@, xT1,) ] (2)
X ()" RWRBEERER T T

SV RV BN ) G AR R R R R
TRRN

C. Ma

T (C, +C. o +C, _e™")

00 5 w O
R=HyHnQgcC, +Ca+Ce™" S,
O : : ]
DZ L 1 P ]
(3)
O m*L O
O v @ O
M. 0 O O]
O O “ ]
M, = @'mj 0O mip o o, @l (4)
0O 05 Vo g
v, O .,
: % N m?L E
2 +m,a + % W]

SR X LY R Z 5 8 B TE AR M, |
M R M, 5 590 0 02 A A 4 RARE 0 )
Ko B 43 B 0 T F RN s € €y G A
CoNBL BRI BT 0 C,y  Cu B €y R T
ES CES ST EEY G L S
T, 4550 Hy 56 £ T A6 2 2 AR 0 £
B sm m® A m® RS R AGm Rl m® 4



%2

XU W, 45 RS AL B0 AT i BT AR & A ST

283

590 0 G\ 1) R 1] 5 A RE 0 40 2R K05 m, Ol & T0A I
33 25, B AME A XEFR SR s Ma 9 B #f
B LS, ar ) o R AR KB R R AL ] B g =

—%Vﬁﬂﬁm%ﬁ%%ﬁﬂﬁﬁﬁﬁmo

FIEW PG AL E S AR O A TE R
ZFREAX(H AR RS ZHIECEMAEND)
VIEYiN )

o, +J oo, =M, ~2(1 -, m,l [ o +

1]
] Mr Yl]}z
L]

%d)y + ] 00, = MB), -2(1 _I‘LP)mPlpzlpzw}' +
L1 w,XI,
I:I P pz

Gl + 1w, = M,

(5)
X
J.o =1, + (1 _MP)mPl;Z,z
J, =1, + (1 —p,)m,l,
J.o =1,
'])z =1, - I»')’ - (1 _:U'P)mpl,zu
]x: = [x.t - [zz + (1 _MP)mPliZ
']x.w = [.w -1,

Forb oL LA B S 1 0 R e O 3
L1 R T4 5000 1A 3 B B 8 0 7 0K B i =
AT

VLA (5) 0, O 100 388 385 G 2 S A L, EL
BN IE B R A, FOE R O R
SR TIE o 1T 2 TR0 T30 3 [ 77 308 3 58
A TR AR 5 T, L, YO, XL, R4y
3 A e OR300 38T T 32 B Bl T R A
AT ) — AR A L, U W B BB R £ 9
A ot R 3o R v 2 AR AU 7 A 4 B
), DRI 28 0 R A T T, 0 2 S B K AT B v <
SR B 5 A AR 2 9 7 7 2 T S B
00V 4 3l 7 2 o 4 4 R G R AR AR

i B ] I B30T U R 5
[, = =20, -, ~1.) (6)
Ko, AL AP BLIE 1 BRI E 4R £ 95
TR LA A RS -

2 WMAXKINBRMES S

Oy i DR 2 VR B iy IR Ao e v A 000 2 A L
[ L, 1 BT VR A A 45 X 38 Bl B DT P 4 i A o
B BE A oy /i HLR B i — B = 00 (LR B ok

e, el i T 1

w, =y
[ e (7)
w, = _TJ/B - oo
by WIRE S, v MR, S REAER
x, =[y.Bl Fx,=[y.Bl" FEHMA u=1. %
W ARARK(S) IR B Al 15

¥ = x,
{# (8)
x, =f+bu
S Sy C R B 5 b g A
f= [fl»fz:lvr
b = [bl’bZJT
fi= My =200 —pmyl o, - J 001/,

/o

CoB+ [ My, 201 —p)m,l l o, -
Jowwl/] +oa+o0,o
b, = u,Y/J,
b, = w.X/J,

BTS2 br ©AT i B T R RS S B B R B
P A AR RE b OJT AR RS B 0E , SO L S 5
I b, R b, 34 b, K b, ERHNSHRS
5 (E B A B B (L 5 TR, P A 5 2 04k o) T o
BEH BT f, AR S, WA RS 2R G 0 Rk
BT E LN
d=f + (b, -b)u (9)
AP w RRTBREREA L,

PR, 20 (8) e 5 oy
F‘:” (10)
x, =d +byu

K (10) RBP4 5 2 58 N A AS i 2 0 TR D
A ARG IR B R AR T — DR
Bl 2 msEH A RA 1 RIKSEH RS,
R T RGN AEE T REAR. &
TG K ATl & i 2 fros. K2
they, F B, 3B AE S R EL AR 2 E M, 5 IR
R F BUE A B, =0°50, Sy il 4% (19 3 25 b
BEPT 5o, A, K BRER AT 58 TDI $RIR 045 41
FEAR 5 BB 15 5w, BT v, B 28
TD2 $EICA 5 2 15 5 I 5 5 e, ey
ey Fll e, XS AR R2E 52, 20, T 25 20 900 97 9KOIR
AW ZE ESOL Al IR 5% £l IR T M — o S BOM
BRI T ARG BRI, 2, 2 1 2,50 51 R P
SRR AWM #5 ESO2 A 1+ A9 U ¥ fA U /A — B &
BRI TG 1 5H E F 22 G0 RN 3l 5 sie it i A £ Mtk
ARE R B NLSEF 45 1 9) 1 75 il i u, , &3 & 4b
B J i R e A AR S w, BN SR S WA L. o



284

b B = R OR

2021 4F

B2 AR OO RS B B A

Fig.2 Block diagram of ADRC-based moving mass coupling underactuated control

BB TRl 2 7 1 B B s 5
[xll(k +1) = xl(»(k) + h - xz(‘(k)

x, (k+1) =, (k) +h-fhan(x, (k) -y (k),

xzr(k) T s h)

(11)
@an(x (k) =y (k) ,x, (k),ryy,h) =
[ v la|<d
rrp + sgn(a) ‘a‘>d
X, (k)+7 ‘c‘Sdo
. (k) + sgn(c )(ao_ d) ‘C‘>d0
(12)

xlv(k)— v, (k) + hxzc(k)

= Jd& +8ry|c|

1 m >0
n(m) = [0 m =0

-1 m<O
o By 43 0 A SRR A EE R, TDIL
1 TD2 S 2 A A ] Al B B8 1 o0 2, B s R
FAFIE XS S 50E .

TR 25 0L 0 8 e s s 1
refk) = z,(k) —y(k)
S0 (k+ 1) = 2, (k) +hlz,(k) - Be(k)]
zh(k +1) = z,(k) + hlz,(k) -
= Bfal(e(k) o, ,8) +bu(k)]
Ll (k+1) = 2,(k) +h[ - B,fal(e(k) ,a,,d) ]
(13)

B B By R LI A8 3 25 5y (k) WA kIR
SR JE I 0 55 PR TR B F AL b, O B S RME I

000 IE0ME0N0000000

2y, (k) 2, (B) Il 25 (k) 55k UCRFEJH ] ESOT
vt R Al IR B A0 — B T BORR B A iR B2 T

RGP 50, 1 o, WA SEL
‘ ‘ sgn(e) ‘ ‘ > 68
fal(e,o0,8) = e (14)
P ‘e‘ <

KHr:e 0 fl o BHFRRKE fal (- ) B A SEL
ESO1 F1 ESO2 2 2 ANAH[R] A9 4 55 PR 2 W80 2% , &5
WA IR A DB X, 9 Bl TR % iR B 1
RGN AR T R AT A — i ] R, 2
AL 2545 A TR 2880

o ) AR 2 MR A 1R 25 R B A SO
peq(k+1) = x, (k+1) —z,(k+1)
C(h+1) =x, (k+1) —2,(h+1)
%(k #1) = (h+1) =z (k+1)
%(k #1) =x, (k+1) —z,(k +1)
%(ls +1) =—fhan(e, (k +1),ne,(k+1),

Ty shy ) — than(e; (K + 1) ,n,e, (K +1),
-
1 Txeshy)
%_(k 1) = (ug(k+1) —z,(k+1) -

2y (k +1))/b,

(15)

KA n, oy oy oy o B Ry, AR R PR T 2R S
Bsw, (k+1)Fa, Ck+1) 0505 b+ 1 YORAE
JE 3 TD2 RS () 5 A A5 5 A RO 1R
Tz (k+ 1) 2 (k+ 1) Fll 2,5 (k + 1) 53 5 R 55
E+ TCRFEJR B ESO2 Al 3 i 0 3 £ L 0 ¥ A —
B S BORIN T fA 4808 T R B P8l . x4
i 2 A AEZe Ak i Eithan (- ) X 2 A~F RGEHIR
DR EHATER G ST S, I H S A 3h i 17
] B 2 A b A, B Bt — 4 2w

%fazliiﬁ)ﬁmtﬂﬂ’]* AR IR B Bt il 2



%2

XU W, 45 RS AL B0 AT i BT AR & A ST

AL AT W

G
s

HAZATFRI S8, 40 N DRy o i R Bk
IE X , % FH BL 7 B AL ( Particle Swarm Optimiza-
tion, PSO) ™y ik HEAT B BT i T TD B8
AN R S HORAE I b odE O B B KT ~
3% B T re MR P A R A R K R
R ESO 250 ay, oy, A S 38 H ECE E (H, 5K
RATTERACR ZEN By B Bis vy Ty g
My Ty T R b o S SHE BV P R (i O 388 T ) 5l e
A, VOV AR 1 R eR

=
%d“ =f (w:—,‘ez(t) ‘)dl + wylt, +w7‘0'172‘
L—JL‘: Jon + Jyaw

011=J’0 (w, ‘el(t) ‘+ w2u2(t))dz+w3tul+ W,y ‘0’1»1 ‘

(16)
S S Sy R T 23500 R VR 0 3 i AL 3 T8
CRATIE L L s A e, (1) H ey (0) 0 50 9 TR % £ A
0¥ 1y S P R BBR R 22 5w (o) O P A BE A5 e, D
A ETHIE ] 0 B oy R w0, w0y 10,
ws we Ml w, 98 FE AR BB R Ko L A 1]
FeAL A mT A7 RN T4 — B 42 i 27 2 R A
JE eR K T B /IME

3 hESH

AT BT =0 TE R G A B 1 A O R
FLA3 T 5 L Y K Zly B BT AR s 0 RovE R
BREME, BRI AT SRS S BUORE R my =
1000kg,/ =1000kg - m*,7 =80kg - m’,I =
800kg -+ m*,S, =0.5m" L =3m; S RS HH
J:C,=0.0217,C, =2.3940,C, =0.3757,
C,=-0.3023,C,=-0.2342,C, =2.9430,
€,=0.2943,C,=-0.1007,C = -1.8,m" =
-0.1rad™’ ,mP = -0.12 rad ™' ym, =0.01,m? =

—0.016rad71,mt'—‘ =-0.15rad ' ,m® =—=1.34rad"';
B Yefal IRz sh BRI :£ = 0. 8, , =30 rad/s; ¥
i 7 A & K d B2 FRWE 2» % 5 o+ 0.3 m Al
+2m/s; JUE FF AL 5 O O 1S km, U
4500 m/s 5 $2 i J& 409 B 10 ms 5 T B 0 4 07 5 A 3
JE5350 2 0 m F 0 m/s s 77 72 W) 4 U ¥ H 3h B, =
3R SR M UL PO U ANy, = £10°;
YA T R w0, =50, = 1w, = 10, w, = 10,
w, =50,w, =1 Fl w, =20, #EH 252504 PSO ik
JGBUE N8, =120. 0251,8,, =693. 6413 ,8,, =
9000. 162 1,ry, =842.0143 ,n, = 1. 863 2, hy, =
0.0771,ry, =563.2271,n, =8.8712,h,, =0.4023,

b, =230.072 1, Al 45 il £ 2 BORE Hy :h = 0. 01,
oy =1000, 0, =0.5, 0, =1.25 f1 6 =0. 01, X*f
FEAF E AR 3 Rl O - O BARR 0 s @FF 7 ( - 2°,
+2°) FEVREL fA i A S S REPL R A+ 40%
KNS HIE); OFTE( -2°, +2°) IR LR M
S S HEAL A RS T -40% Ssh 2880, 15
HEERG —2 ], K 3 ~ 1 7 iR,

1B 3 VR 5% A7 BR R 25 S RN B 4 O A e 45
SRR, P X A] AR B B N A RO R e A
55, HEA WA 3h 8k Re FER S0 B, B (7
KIGS BT AT vT PRl i 84, A ok 1 76 B B 4R
A VR B o [R) B 0 0 3 A B S o ) A5 H 1S AT

B3 MR R

Fig.3 Tracking results of roll angle

P4 3 A B e 45 2R

Fig.4 Stabilization results of sideslip angle

PSS R 1 i B i 2%

Fig.5 Lateral offset of moving mass



286

Jei 4
I3
[ -

K 6 ESOT R 2 M % 22 il £k

Fig. 6 State estimation errors of ESO1

7 ESO2 R 0 5% 25 ih 2%
Fig.7 State estimation errors of ESO2

LV HAE ) IR o B B PR i 1V B S 2 T R
E B 6 FE 7 435020 ESO1 F1 ESO2 (1R 4R 285 W I

R 2 2k, WL 158 22 A 28 0o B Uk W I R 08K
ZE WSO )T YA A WSS ], 2% IR A5
D PR o A 8 2 L L S, AR T R AR S K
2 A B il a8 AR g B 17

45
V) W& 253l Jy 2 05 RE AT, T8 % R A A e

A () NP 77 T T 58 SRR 5 R R B PR
L 3 A [ — i A TR R AR
X i T 308 3 7 A B DR O O A A R

2) T T A EE T RGP kAR
AL A AN Bl 3h A5 A B XK Eh A BT
PUF ] 7 B A5 1% B BR R 5 TR AR 14 [) Bt S5 e )
T A BRUE TR A H R

3) FEEhX O BA R B UL TR [ IO
B AR A XK Bl 4 R RE T, B BT B 4 i A B
I R R 1 T3 2 e 3, B R A B B 3

[7]

[9]

[10]

[11]

[12]

— T EERENT

2% ik (References)

LIJQ,GAO C S,LIC Y,et al. A survey on moving mass con-
trol technology[ J]. Aerospace Science and Technology,2018,
82-83:594-606.

ROBINETT R D,STURGIS B R,KERR S A. Moving mass trim
control for aerospace vehicles [ J]. Journal of Guidance, Con-
trol, and Dynamics,1996,19(5) :1064-1070.

ROGERS J, COSTELLO M. Control authority of a projectile
equipped with a controllable internal translating mass[ J]. Jour-
nal of Guidance, Control, and Dynamics, 2008 ,31 (5) ; 1323-
1333.

MENON P K,SWERIDUK G D,OHLMEYER E ], et al. Inte-
grated guidance and control of moving mass actuated kinetic
war-heads [ J 7.
2004,27(1) :118-126.

VADDI S,MENON P K,OHLMEYER E J. Numerical state-de-

Journal of Guidance, Control, and Dynamics,

pendent riccati equation approach for missile integrated guid-
ance control[ J]. Journal of Guidance, Control, and Dynamics,
2009,32(2) :699-703.

AR I %, AR e S T R A R BOR R R g
[J]. FRi 244 ,2010,31(2) :307-323.
GAO C S,JING W X,LI J L,et al. Key technique and develop-
ment for moving mass actuated kinetic missile [ J]. Journal of
Astronautics ,2010,31(2) :307-323 (in Chinese) .
B L%, AR, . o A B R B BILBE 3 A B
BEAR[T]. RE TR S 74 AR, 2004,26 (11):
1635-1639.
LIAO G B,YU B S,YANG Y G. Study on the theory and sim-
plified equations of mass moment control missile[ J]. Systems
Engineering and Electronics, 2004, 26 (11 ) : 1635-1639 ( in
Chinese) .
RS, T JRUIRE o . A O 4 1 KA A Sk A
BEABFGELT]. MR ,2007,25(2) :16-20.
LIN P,ZHOU F Q,ZHOU J. Moving centroid control mode for
reentry warhead [ J ]. Aerospace Control,2007,25 (2) :16-20
(in Chinese) .
GyEE TR R JE L AR T
it K2 4 ,2000,18(3) = 1-5.
YI Y,ZHOU F Q,ZHOU J. Motion analysis on moving center of
Aerospace Control,2000,18(3) :

O PE A2 S ()]

mass controlled missile[ J].
1-5(in Chinese).

LIJ Q,CHEN S,LI C Y,et al. Adaptive control of underactuat-
ed flight vehicles with moving mass[ J]. Aerospace Science and
Technology,2019 ,85 :75-84.

LIU Z T,GAO C S,LIJ Q,et al. Closed-loop bifurcation analy-
sis for a novel moving mass flight vehicle [ J]. International
Journal of Aeronautical and Space Sciences,2018,19(4) :962-
975.

ZER A W], 5 DK A B0 12 7 T ek A 5 s A o o iy
FHLTT. A6 5T i a8 i K K 24244 ,2007 ,33(7) :769-772.

QIN L, YANG M, GUO Q. Moving-mass attitude control law



%2

XU W, 45 RS AL B0 AT i BT AR & A ST

e R

M ]

287

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

based on genetic algorithm[ J]. Journal of Beijing University of
Aeronautics and Astronautics, 2007 ,33 (7) :769-772 (in Chi-
nese) .

EARHE U, T A T R 2 0 285 A S0 Y S A A
[T]. bt s i R K222 4 ,2006,32(8) :962-965.

WANG S Y,YANG M,WANG Z C. Moving-mass attitude con-
trol system for spinning vehicles based on neural networks[ J].
Journal of Beijing University of Aeronautics and Astronautics,
2006,32(8) :962-965 (in Chinese).

LI G L,CHAO T, WANG S Y, et al. Integrated guidance and
control for the fixed-trim vehicle against the maneuvering target
[J]. International Journal of Control, Automation,and Systems,
2020,18(6) :1518-1529.

DONG K X,ZHOU J,ZHOU M, et al. Roll control for single
moving-mass actuated fixed-trim reentry vehicle considering full
state constraints[ J]. Aerospace Science and Technology,2019,
94.1-14.

NI K, WANG Z B, ZHANG Q Z, et al. Antiwindup spinning
guidance for fixed-trim entry vehicles by active disturbance re-
jection control[ J]. Journal of Spacecraft and Rockets,2019,56
(4):1092-1106.

PETSOPOULOS T,REGAN F J,BARLOW J. Moving-mass roll
control system for fixed trim re-entry vehicle [ J]. Journal of
Spacecraft and Rockets,1996,33(1) :54-60.

EAOM, T 8UBF , 00K, 55 B P B0 AR X AR A AT
MEERER )] R LRSS FHAR,2015,37(5)
1116-1123.

WANG L L,YU J Q, WANG Y F,et al. Single moving-mass
asymmetrical reentry vehicle modeling and control[ J]. Systems
Engineering and Electronics,2015,37(5) :1116-1123 (in Chi-
nese) .

SUXL,YUJQ,WANG Y F,et al. Moving mass actuated reen-
try vehicle control based on trajectory linearization[ J ] . Interna-
tional Journal of Aeronautical and Space Sciences, 2013, 14
(3):247-255.

AT A AR B B BUO A AT A A I B SR SR
HLT]. fiias 2740 ,2012,33(11) :2121-2129.

LI Z X,LI G F. Moving centroid reentry vehicle modeling and
active disturbance rejection roll control[ J]. Acta Aeronautica et
Astronautica Sinica,2012,33(11) :2121-2129 (in Chinese).
3 RO KA A IR R L AT B ) 2
PESM T S HEHI (1], T4 ,2019,40(4) :386-395.

FAN Y D,JING W X,GAO C S, et al. Analysis of dynamics
characteristics and control of a flight vehicle with a moving-
mass roll control system[ J]. Journal of Astronautics,2019,40

(4) :386-395(in Chinese) .

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

OLFATI-SABER R. Normal forms for underactuated mechanical
systems with symmetry [ J ]. IEEE Transactions on Automatic
Control ,2002,47(2) :305-308.

HUSSEIN 1 1, BLOCH A M. Optimal control of underactuated
nonholonomic mechanical systems[ J]. IEEE Transactions on
Automatic Control 2008 ,53(3) :668-682.

HU G,DIXON W E,MAKKAR C. Energy-based nonlinear con-
trol of underactuated Euler-Lagrange systems subject to impacts
[J].IEEE Transactions on Automatic Control,2007,52(9) :
1742-1748.

HAN J Q. From pid to active disturbance rejection control[ J].
IEEE Transactions on Industrial Electronics,2009,56(3) :900-
906.

SUN M W, WANG Z H, WANG Y K, et al. On low-velocity
compensation of brushless DC servo in the absence of friction
model[ J]. IEEE Transactions on Industrial Electronics,2013,
60(9) :3897-3905.

XIA'Y Q,ZHU Z,FU M Y, et al. Attitude tracking of rigid
spacecraft with bounded disturbances [ J]. IEEE Transactions
on Industrial Electronics,2011,58(2) :647-659.

SU J B,MA H Y,QIU W B, et al. Task-independent robotic un-
calibrated hand-eye coordination based on the extended state
observer[ J ]. IEEE Transactions on Systems, Man, and Cyber-
netics, Part B: Cybernetics, 2004 ,34 (4) :1917-1922.

LI C Y,JING W X, GAO C S. Adaptive backstepping-based
flight control system using integral filters[ J]. Aerospace Sci-
ence and Technology,2009,13:105-113.

. B AU B A TR E A R R AR
(M. bt =B Tolk Rkt , 2008 :243-280.

HAN J Q. Active disturbance rejection control technique-The
technique for estimating and compensating the uncertainties
[ M]. Beijing: National Defense Industry Press,2008 :243-280
(in Chinese).

BERGH F V D, ENGELBRECHT A P. A study of particle
swarm optimization particle trajectories [ J]. Information Sci-

ences,2006,176(8) :937-971.

E&E BT :
XEE B W, TR, REIFIE I m . AT 8 J 2
T 5 b SRR RE LG .

FiEE F ML EEOIFTTE AT e S R

BRERLIE .

BRE U W B, AR, ERATT O AT
EIPIESN I EEE Y



AL AT W

288 B[ AU =N/ NI NI = 2021 4¢

ADRC-based roll-yaw coupling control of underactuated
moving mass flight vehicles

LIU Zhitao" " , LI Jianqing’, GAO Changsheng’
(1. Institute of Systems Engineering, China Academy of Engineering Physics, Mianyang 621999, China;
2. College of Electrical Engineering, Zhejiang University, Hangzhou 310000, Chinaj
3. Department of Aerospace Engineering, Harbin Institute of Technology, Harbin 150001, China)

Abstract: Considering the underactuated problem of flight vehicles with single moving mass roll control
system, this paper proposes a controller based on the idea of active disturbance rejection, which achieves the
command roll angle tracking and sideslip angle stabilization control only with the laterally configured single
moving mass. The system attitude dynamics is modeled based on the momentum theorem of particle system,
analysis shows that the roll and yaw channels share the same control input and are coupled by moving mass in-
ertial and movement terms, and the lateral offset of the moving mass will impact the yaw channel. Therefore,
an Active Disturbance Rejection Controller ( ADRC) is designed to deal with the roll-yaw coupling control
problem, where the modeling error, moving mass coupling and uncertainties are regarded as total disturb-
ances, and extended state observation and dynamic compensation of total disturbances for both the roll angle
control and sideslip angle stabilization subsystems are conducted, the controller with simple structure is easy to
implement and it is capable of resisting both internal and external disturbances. Finally, the effectiveness and
robustness of the proposed controller are verified by numerical simulations with perturbations.
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Received : 2020-05-24 ; Accepted: 2020-07-17 ; Published online: 2020-08-06 16 .22

URL : kns. cnki. net/kems/detail/11.2625. V.20200806. 1134. 002. html

Foundation items: National Natural Science Foundation of China (11802268 ) ; China Postdoctoral Science Foundation (2019M652087) ;
CAEP Foundation ( PY20200050)

* Corresponding author. E-mail: zhitaoliul23@ 163. com



2021 4 2 A
FATHE 2

tEMEMRKAEFER

Journal of Beijing University of Aeronautics and Astronautics

February 2021
Vol.47 No.2

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2020. 0294

(1. FREHLER& 07 B ZS FHE T R SE 90 %, AR 610091 5

jbuaa@ buaa. edu. cn

M T ALBITHITZE S 77 %
RRW, BRW, AHE . TEs, RK

2. LR MR M Bae 5 TR, bt 100083)

i E: MBAEANZME-MEANA AN EZEERE, LAMALANAEAEF
MEWEZRATREFRELREEAEEZR L MR ANIEAT L 25 H ik 1A
#RATHR. 6k B FRBAES MR A b Fab b, 7 0 AT 3020 8 5 17 A8 2
AR T AN AR AT IE s AR AL AT £ 4 R4 1R DL BRI B 4R R AR A B I R 3R
oo HR,ZRFRAFAPLEEFNESFER, ETHAEFTNEHBAL, FELFTEZAK
SR BHELS AARIU AT EHERMBEEANLFEREARL, FARABHELE
To mE, U RAKZ"RMEHNG, AT FAERLEMEALANL CATMBEATRLHATHE

WHEREATHRAWEGEMAE AR

x 8 3
RESES: V279
MXEAR SR A

FOR 8T AL BRAC T L i 4 v 4 55 OK
I, il T B A ] 523 A G A 5 4
TIAEOR B, R A 2 45 I T R ARG
AL AT R A EE FF A A Al Y B 22 4 80 00, 24
AR ELAAAT: 55 2 5ROK L 8C AL A5 I B e 75
FIEEACE L W AT R R, R R R A
BB T B3 BE J1 B BT $2 8, 40 Ao 4 ] 20 47 Bl
X2 A R A e I ATAL 55 Ao BB

MR IC ML L ih T 504 25 B B AT B, 7
AT R, 5 2SN TR B 95 2 155, LUR
UE T AT 3 B A IR 36477 FROAR B AT R G
AL AT 0 DA B, ELAT 76 25 Fh B A5 497, X 2E 4K
g X LB TC AL VAT % A7 A e s
BB A C AL A B i B E8 AT, P AT 5
B PR P 7 3, % T B0 N HIL S I A S AT
U B T ERa ol R E AR - 38

AR AN ) 9 B2 37 5, LB A LA 3 Fh i
P, BB =W AT JCAT A2 51 AT A AT 42 51

A ME AN At BATHE; T EH; ERTMES; Rkt

XE4HS: 1001-5965(2021)02-0289-08

fro b, A EW|AT S A ESRAT M TM
IO NHUAE B B8 AT 15 T8 | M0 G AT 42 51 1 A7
EETHLE S, Lok A2 5] R 505 96 1 =
(8] o B Xk RLE A Ta] 9 38 478 20, 20 500 A W) 1y s
Sy TR . A BT 8 EEET IO
{9 Mo T VAT AT AR 0 S OE AHLAR B, AR
AHUARE A R A7 1R , 0 H 2 ) 52 e R
il 7E — AR/ B A PRI 3K BOR R i B —
TE WL . JORT A2 I RA T 42 51 AT I 12
SR w] W SCHER [ 12-13 ]

KT TC ML A T AT a2 B 5 ) O
ERIBETE , AT SCHK 2 46 b 75 AR 3 B AR 1 98 52 4E
55 BETT AR LI B3k, 1 2 A ST AT I R AR
WA AT RS 2R S A L AR
T AT B AR R 5 R R 4 ) 7 3k mT R EUOY O 4 2K
S5 1 R EE T LA R 07 3k A B A7 B A
A"k (Dijkstra 5035 55 01X 20 AR LRI 1k AE
g LR T AT B 2 5T 8 Y AR L

Yri5 B HA . 2020-06-24; F A HH: 2020-07-31; £ H KR A 8] : 2020-08-20 15:06
P 4% H R 3k . kns. cnki. net/kems/detail /11.2625. V. 20200820. 1038. 001. html

= BIE{E&. E-mail; liangtj@ avic. com

SIAE: RAW, wd, ¥k, ¥ MALANFTRTER 7 &[] FEMEMKAFEFR, 2021, 47 (2) : 289- 296.
LIANG T J, CHEN X M, YANG Z X, et al. Trajectory control method for unmanned carrier aircraft taxiing [J ]. Journal of Beijing
University of Aeronautics and Astronautics , 2021 ,47 (2 ) : 289- 296 (in Chinese ).


qwqw
新建图章

https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK202102013&dbname=CJFDAUTO&uid=WEEvREcwSlJHSldSdmVqM1BLVW9RcWF1NVBnT0M5ODdrSXZsbk1iTlZPUT0%3D%249A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

290 db RO % MR K ¥ ¥ R

2021 4F

P AR e A U UK 3 2 A B A 08 SR AT 8%
B RYTLIE A B AR A AR R A FE S R Y
A T v I 2 TG LA AT RE i IR R B % A2 s
2. HBIEM BT AN T PLBIBE T, SCHER[ 19 ]
A O B TE A HLEE AR r e U AR
REHATBIE. 552 KRR TAT NI, el
Je WO TR S bLAR A0 i A ML A 1) A L, H AT R
B T 2 0 B B AT A B ) A
Feo TEMLTTIE, MLETC A LA 7 1) 2 50 5 L ik
BEAT 2 FhAT o, L0 AN AL A7 3 5 A0 1R £ B
A RAT A R . XRTEERMIEE E S5 AT
FGEAEL, NN X 2 Bl A 2% IR A Y
3, A 3 KRS TR AR A B R 1Y
PR 2 JC AL Al T A B AR RA D5 9 o SCRiR[ 21 ]
P T — Bl R IR TR, T — Uk S L B
NHLA B2 26 W AT B Ao SCHR [ 22 ] 2 TS 55
EAR T — o B A LR B O R R

A 28 TE A HIL A R A b A [R] 7 5 3 47 21 F AR A
I HRE KL R B4 2R 4 JER S B T7
15 B P A R 1) ) 2 25— 3] i g 4 i 1) A 7Y
MOREZR S o SCHR[23 ] 85 Hh TR0 A B H - 3 O 3%
TSR St L 2 T8 AL R AR 0 AT 03 G Ak 1R AL, s 28
Fret )iy B i oa) A2 i A5 2T 2 T 4R 2R

AT AT AR

AR SCHE L EWESE 0 B Al B BF 5 R 48 T8 A HL
AT PO P T, EE A R E

1) s U3 B R 5 4 AR 25, 24 0 s A 2
TC MR — Bt 6] A 18 A7 %A% I 3 R AE 20t
BE T AT B AR AT ER B, 42 AT AP A2 3

2) AN A B AT AR AT R R B DA 2K
To NAUES ¥ Z i 5 i % A1 o 4 ) A2 i 3 Sr Bl
BRI TR 0 PR KA B TR o 45 45 TR 00 47 ol R 5l
DA RBAE 48 T A TC AN DL AT B 2 1 5 32 o

3) FriR A J7 Ik REXS © AL B B AR AT AR
2R R BRI 15 B S PRI AT P, R A AT AL
F 4 95 25 5, BRI T I 2T A AL BE v Af 2]
IBAEE L

1 MEE AWBEITEE

AR e A I 0 AL A o 4 A e
() T S, 6 M RE AL B 0T 0k R AT ML Y
AT R
1.1 #YEER

FULEE: HRROE DR AN R B9 22 3 T, AR B R
WINHL AT A P ATAT 55, AR IR 58 S AR 2%
TNHLEATAL S HiR P 1 prs

U PR R 5 R 48 WL AT AT 55 Stk 20

Fig. 1 Ilustration of deck environment and taxiing task of unmanned carrier aircraft
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unmanned carrier aircraft
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unmanned carrier aircraft
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Fig.6  Schematic diagram of simulation model of an example
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Table 1 Launching position of unmanned carrier aircraft
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Fig.7 Actual taxiing path of unmanned carrier aircraft
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Fig.8 Curves of nosewheel deflection angle of A,
during taxiing

ATLUE t TE W AT 2 B, A, RO AT A8 W 5% A 16
ZETE SRV 0D 5 S0 1R P G A2 b TET AL Bl e O K
A e e M 22 3 FE R it e U5 J o F 3 il
& EEPR R a8 A Zh AR R HE AT S 48 4
G AT R, HAE IS E RS T A AR 2
TEAR /N9 B N 22 1k

P BB, & AL E TS APLHE AT B[R] T8
LS B S B IR 22N 3R 2 R

*2 BITHBESHIEEFRE

Table 2 Taxiing time and trajectory control error

AR AT/ s W/
A, 13.5 0.6029
4, 15.5 0.564 1
A, 18 0.8810
A, 21 0.0172
A 23 0.9670
Aq 23.5 0.2786
A, 25.5 0.2022
Ag 29 0.5688
A, 31 0.3452
Ay 33.5 0.3191
Ay 35 0.3494
A, 22.5 0.6038
A 20 0.4618
Ay 18 0.6635
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Trajectory control method for unmanned carrier aircraft taxiing
LIANG Tianjiao'* , CHEN Xiaoming®, YANG Zhaoxu', WANG Haifeng', LIANG Qing'

(1. Aviation Key Laboratory of Science and Technology on Fighter Integrated Simulation, Chengdu 610091, China;
2. School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China)

Abstract: Unmanned aircraft is an important weapon of carrier-aircraft system. Autonomous taxiing of
aircraft is significant for the efficiency of deck operation. The trajectory control problem of unmanned aircraft
taxiing on deck of an aircraft carrier is studied in this paper. First, the task of aircraft taxiing on the deck is
described. On this basis, the mathematical model for taxiing trajectory control problem is established. In this
model, the ground motion of aircraft is contained, the constraints of aircraft taxiing are considered, and the
performance index is designed to evaluate the trajectory control task. Considering deck environment and trajec-
tory control task requirement, a model predictive control based method is proposed to obtain the feasible taxi-
ing path of aircraft. Trajectory control is integrated into online taxiing path planning, and rolling optimization
method is adopted to calculate the practical taxiing trajectory and obtain the control command signal. Taking
the Nimitz-class aircraft carrier as an example, the taxiing trajectories of multiple unmanned aircraft at differ-
ent parking positions are calculated. Simulation results demonstrate the rationality of the established model and
the validity of the proposed method.

Keywords: unmanned carrier aircraft; aircraft carrier; taxiing trajectory; trajectory control; model pre-

dictive control; rolling optimization
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Fig. 1 Hunting model of wolf pack
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Zi b, a5 3L PHWPA %k J1 43 Bt i F2
mE 2 Fros.

K2 JETF PHWPA 1y Kk Jy 0 L i 72
Fig.2  WTA flowchart based on PHWPA
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3 BEWIERME
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B UAV EBEIEAT 4 FhRS 70 4 48 5
BRI 10 4 H R, UAV 4055 H 45 b5 5
PR,

*®1 ZTANESEERES
Table 1 UAYV number and target number
UAV %I & UAV % 5 H¥r 45
17 V1 ~ V4 T1 ~T10
11 7Y V5 ~ V8 ~TI10
111 #Y V9 ~ V12 T1 ~T10
v 7 V13 ~ V16 T1 ~T10

UAV SR b AR 5 oot H bR 09 5% 15 1 %50
Mk P,

HHEHRM R GRTTR P, ¥ 0.9, %
HFRI W (5 % W =1[0.6,0.7,0.3,0.5,0.6,
0.35,0.65,0.55,0.4,0.75] .

0.81 0.77 0.63
0.65 0.59 o.szE%
0.80 0.73 0.81[0]

0
0.77 0.64 0.66
0.68 0.85 0.83%%
0.88 0.77 0.650
0.66 0.6l 0.77%%
0.91 0.84 0.5701

0
0.88 0.81 0.56
0.77 0.92 O.66E%
0.79 0.81 0.65[]

]
0.73 0.63 0.84
0.71 0.66 0.61C

0
0.85 0.85 0.84[
0.85 0.71 0.87%%
0.88 0.78 0.66

R SEC B N, =32, 0=2,8=5,0 =
20,[) 0.4 »qo =0.8 'fn/u%@uﬁﬁ T initial = 10,{%‘
BREKIME 7, =10, F 8 KE/Mir,, =2,

Kl 3 FKox R PHWPA 13 B0 88, %
K33 Be T AL AT 4 AL 13 22 UAV Hidi 10 4>
Hbr, HAk UAV 5 H A5 X504 BC R &0 an 3¢ 2 fr
MNo 33 WA HERA R E B R MR T T IR
fEPR R, T G2 R WITE PR UEAT: 55 56 B 1% 0 T D3
DT UAV AR R ST R TH A, A R TR +F UAV £
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HiE 4 05 m)F H B ) G IR R 2
BE AL 7= A 1, BT DA AR RGE AR S i R TR, R AR 56
PHWPA Ay S, OF UE W HA sk ko % 4% Bk
Sy BIEAT T 100 22 3k 1) B 52 5, Bk U Sk #
A —F, PHWPA 5 & 51 H b ok 250 (H 22 16 15 00
W s frs, ol LA i PHWPA fE 45 Ul 8 &

B3 o AHL-H b e il o B J5 %

Fig.3 Optimal UAV-target assignment

x2 BRRAMESBEAR
Table 2 Optimal UAV-target assignment

UAV #15 UAV it % X0 4 WL H b g
17 VI V2 V3 V4 T8 T5 T6 T3
117 V5 V6 V7 V8 - T4 - T8
101 % V9 VIO VIl VI2 - T9 T2 TIO
v 7 VI3 V14 VI5 Vi6 T7 T2 TIO TI

x3 ZEBRGHME
Table 3 Kill probability of each target

H 54 LS
T1 0.9
T2 0.985
T3 0.91
T4 0.91
TS 0.9
T6 0.9
17 0.979
T8 0.91
T9 0.92
T10 0.979

K4 AR EREE AR

Fig.4 lterative process of optimal value of each algorithm

5 PHWPA 5 H At 53k 2k AU 2 L 52
Fig.5 Comparison of iterative process between

PHWPA and other algorithms
& Ry B LA, O B 0 B AT DLk & S AR A
WPA 85 2 4 Ja e M0 Ak sk T 25 K e S5058 38 4 %o
BN, HER o 02 i S U s 5 A ACO Bk ik
SECHE B, HLH B R BB R 0 A s MMAS B33 i 85
B WPA AT, H 3 % 8 i s 0 %
SA-DPSOT 2 g % Fo e Wi 8, B B A Jm i A A
fit ;PHWPA1 .PHWPA2 g S a4 5 PHWPA %5 Wy
FEIE H ST P IX 2 AR A AR W SO B LB
N JRyH B A ff B 50, S 4n PHWPA S 851 0 F
FE o P, AR SCHE g PHWPA RE 85 47 25032 = )
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HRH K T 73 BL R R

2) FEMEH WPA #1745 7K fi v, 5158 3T
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W 7 N ARAE 9012 75 N AR B8 3045 5
AGEERA S, dROR TR B A R BT T
TORBER L I R OR

D BAE R R AT e s HA R
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Weapon-target assignment in UAV cluster based on pheromone
heuristic wolf pack algorithm
LIU Senqi®, WANG Hong, YU Ningyu, HAO Likai

(PLA Troop 66133, Beijing 100041, China)

Abstract: Unmanned Aerial Vehicle (UAV) cluster operation is an important mode of intelligent warfare
in the future. In order to give full play of the overall operational advantages of UAV cluster, a mathematical
model is constructed to solve the Weapon-Target Assignment ( WTA) problem in UAV cluster attacks and ob-
tain the optimal scheme. The constraints of mission completion, effective killing and attack consumption are
established in the model, which can meet the requirements of the mission, and also save the consumption of
UAV combat units to maintain the power of UAV cluster. The improved Wolf Pack Algorithm ( WPA) with
scouting and summoning operators is used to solve the model. To obtain the higher global optimization efficien-
cy and avoid trapping in local optimum, the weapon-target assignment in UAV cluster attack based on Phero-
mone Heuristic Wolf Pack Algorithm ( PHWPA) is proposed to improve WPA’ s scouting behavior and renew-
able mechanism by using pheromone heuristic rules from Ant Colony Optimization ( ACO). The simulation re-
sults show that the proposed method is effective. Compared with several algorithms, PHWPA has more efficient
search ability. The proposed method can provide support for firepower planning of UAV cluster.

Keywords: Unmanned Aerial Vehicle (UAV ) ; Weapon-Target Assignment( WTA ) ; Wolf Pack Algo-
rithm (WPA) ; Ant Colony Optimization ( ACO) algorithm; pheromone heuristic rules
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ETZAREFEMUNTANEEMSEET E

£R AEE", EH
iﬁ Crh i RFERE HLE ABEFERT, Kt 300300)

1 B HAEANERETRTRANBERAFICRARE RS 2R FRLE
FO(GNSS)  FAERUKESE RBREKX ALY W EFFA, Rt —FHEAK =&
EHMRAFRMCGHEE T . BT EETZARERML SR B (SLAM) iR, &5, A A
TERD AN (PCA) EREFTHELR G HA LR, ER HECNSSEERFLE RE0 8K
KREMNHFEMRZ REGMAEANCLEL R A m N E R AR, H B BOLE TN ER
RE;RE,RAFZKLLEMAAE G ZF O ZHE ULZAREAFNEETEML M. AAE
B KA P AR AT IR A KITTL B4 & x¢ B4R i 49 SLAM BT T AR X R A
E3km BHEFFATAUAMETEHAE LS m LT, ERBEEMLR - RETEHHRT
HUBER AR NTAFHECEMT HEE,

X B W Bt ZAEROtEMSRE(SLAM); m =2 #; £ ka4 (PCA); &

AF
HES S V249.32; TP242

N AR SR A

TENTUTE 5 E B AT 3, S BLANBL 7 428
B WG AR L) s B XK 2 5T iR
g TR DL R R I A T R C 4R
R Y-S <K VALIE P W L PN
BRI B R E R R T ARG
T2 & %4 ( Global Navigation Satellite System,
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Fig.1 Overall structure of system

1) LiDAR AabR & L, H st S T LiDAR 19 JL
fafebts o X AR 19 FT Y Bl 1 22 0L Z s e
b FEBFE] ¢, FRER T RN R X o

2) IMU A pR & 1, DL IMU H2.0 b A8 A5 R A,
Gy IMU KPR m b i & X Gl R Y b, Z
Wi E T XY P,

3) A ARFRR W, R G AL TR AL E . A7
il I A i R X o

AR SR T A% B A Ak B R v R B Y
A bR 4 13 B T WA 46, /TSP 7% R T ROk 3R
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Fig.2 Schematic diagram of ground plane

segmentation method
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Fig.3 Point cloud pretreatment effect
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[qov (x,x) cov (x,y) cov (x,z) O
C = BOV (y,x) cov (y,y) cov (y,z)El (4)
Loy (z,x) cov (z,y) cov (z,z) .
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s cov KI5 225, X BEAS S50 B S«
AERR Ly AR AR DL K 2 AR AR Z ) B PR O 25, Bl A,
cov(x,y) N x dr 5 v ebpZz | ) 2, 4
cov(x,y) >0 B} ,x Fl v IEAHK ,,cov(x,y) =0 B ,x
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RSy i A 10 &g mny A, il B S8R i
19 10 A~ 5% 5t 22 A 0 8500 K/ SR PEAL A5 0 BT I
JRFR R OGH o OGHEE ¢
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Fig.4  Structure of factor graph
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3.1 EMFE
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55 B S IE 2 (8] B AH XL 28 % 22 (Relative Pose
Error, RPE) Fll 4 %} #1375 % 2% ( Absolute Trajectory
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3.1.1 EAELM

RPE J& 45 15 [ 5 1 J3E 04 18] B 9, A 55 o %
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TR . i TR BA R gy E A2 BOCR , LA KIT-
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FNAS SCT7 1%, 43 9 AE A B B9 32 3 37 55 (1392 m) il
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ALV B, JC e At 78 A IR B A S KB 0B 5l
WER, A7 k1) RPE 2B AKX T LOAM J5
%, 2 LK) LOAM JFikfE M & iz sh g st h
RMSE 5 0.39 m, {HJE 76 KBS iz g 30 05 1, HLAR
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NEWR 5. B S AARSCT7 5 M LOAM J7 ik

F1 HEMCEREILL
Table 1 Comparison of Relative Pose Errors ( RPE)

LOAM A 3L
T2 45 R

o I FEE) BEERE K
RPE i KfH/m 0.79 9.40 0.81 6.21
RPE i /M# /m 0.09 0.08 0.10 0.08
RPE - #{/m 0.32 1.98 0.30 0.81
RPE fi{f/m 0.29 1.31 0.23 0.73
RPE RMSE/m 0.39 2.09 0.31 1.05
HOHE Wi % 1704 4544 1704 4544
UK /m 1392 3714 1392 3714
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Fig.5 Curves of RPE and point cloud sequence
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Table 2 Comparison of Absolute Trajectory Errors (ATE)

ST 25 R LOAM A3
ATE 35 k{4 39.85 6.44
ATE /Mt 0.03 0.02
ATE S ¥ {f 18.68 3.16
ATE {8 15.23 2.72
ATE RMSE 22.17 3.44
R R 4 544 4544
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Fig.6 Change curves of ATE and point cloud sequence
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Fig. 7 Comparison between trajectory obtained by SLAM

system and reference trajectory
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Unmanned vehicle positioning and mapping method based on
multi-constraint factor graph optimization
NIU Guochen”, WANG Yu

(Institute of Roboties, Civil Aviation University of China, Tianjin 300300, China)

Abstract; Aimed at the problem that the current low-speed positioning system of unmanned vehicle ex-
tremely relies on the Global Navigation Satellite System ( GNSS), which has low positioning accuracy, large
drift error and serious environmental impact, a low-cost and high-precision positioning and mapping method is
proposed. This method is based on the three-dimensional laser Simultaneous Localization and Mapping
(SLAM) technology. First, the point cloud Principal Component Analysis (PCA) is used to implement laser
odometry based on feature matching. Then, the GNSS location information, ground plane and clustering fea-
ture of point cloud obtained by point cloud segmentation and clustering are added to the graph optimization
framework as pose constraints, and the cumulative error of the laser odometry is eliminated. Finally, an opti-
mal pose and large-scale scenes point cloud map is obtained to achieve the unmanned vehicles’ position navi-
gation. The proposed SLAM algorithm is evaluated using the KITTI dataset containing large outdoor urban
street environments. The results show that the positioning deviation of this system can be controlled below
1.5 m at a movement distance of 3 km, and both in terms of local accuracy and global consistency, it is supe-
rior to other odometry systems and provides new ideas for the positioning of unmanned vehicles.

Keywords: graph optimization; three-dimensional laser Simultaneous Localization and Mapping
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Distributed optimal rendezvous of multi-UAV systems in prescribed time
based on time-domain mapping
DING Chao'*, WEI Ruixuan®* , ZHOU Kai'”’

(1. Graduate College, Air Force Engineering University, Xi’an 710051, China;

2. Aeronautics Engineering College, Air Force Engineering University, Xi’” an 710038, China)

Abstract: To solve the prescribed-time optimal rendezvous problem for multi-UAV systems, a distributed
optimization framework is established based on time-domain transformation technique. By introducing a specif-
ic time-domain transformation, the prescribed-time decision problem in original time-domain is transformed in-
to an asymptotically stable problem in the infinite domain, which simplifies the analysis and design process.
Then, we design a prescribed-time gradient descent algorithm whose convergence time is independent of the
initial states as well as other parameters and therefore can be pre-specified. Besides, the application of time-
varying gain removes the parameter selection process, which enables the proposed method in the context of a
serious lack of global information. The simulation results show that this method is able to achieve the distribu-
ted optimal rendezvous for multiple UAVs in prescribed time, and the closed-loop system remains globally
bounded in mission time.
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Table 1 Statistical triggering result

it fil R REC /N (] (R B s e K E] 1] B /s
1 1038 1.7764 x 10 ~° 5.5589
2 870 4.4409 x 10 2 5.2788
3 1434 5.2119 x10~* 9.9536
4 1771 3.0416 x10°? 8.7233
5 1203 5.7814 x10°° 14.9850
6 1133 1.1412x10 7?3 16.0956
7 895 3.5872x107° 8.1424
8 507 2.2243 x10 72 8.1028
9 2469 1.1935 x10~° 0.6138
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Abstract: Group attitude coordinated control of multi-spacecraft on the basis of distributed event-triggered
mechanism is investigated. The multi-spacecraft system contains several subgroups, and the information ex-
change among spacecraft is regarded as undirected topology. The attitude of spacecraft is described by Modi-
fied Rodrigues Parameters (MRP) , an auxiliary variable with attitude and angular velocity is constructed, and
distributed control input is designed. Under distributed event-triggered mechanism, triggering function is de-
signed for every spacecraft. It is proved with algebraic graph theory and Lyapunov stability theory that multi-
spacecraft can reach group attitude coordination asymptotically, and it is also proved that Zeno behavior will
not occur in the system. The effectiveness of the control input proposed under distributed event-triggered
mechanism is verified by simulation results.
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HTEMMEARA 2 2K HL, X &Tr
VA0 HE B B Bk AR 4 ( Discrete Fourier Trans-
form, DFT) " o[ 5 5] 43 B gk vk el afr ™ JH T 42
SBURRAIE o) o 5 SRS, oR 22 B8040 42 4 005 (ke
SR ) | S 1) S LB TR A 28 4T 55

FURT, fF o e ik e . o e A
A TR B AT R AR Z A, 3 AT LA O A 45
AL, W fE B R B AL BEAE . P, Lin
415 30 i B 7 5 45 4T oL ( Symbolic Aggregate
Approximation, SAX) 75 U J I F Wi 176946 51l 22
AR5 o SAX JE T4y B B KR I (Piecewise Ag-
gregate Approximation, PAA) 7" 3 5 PAA
{ELFEAG = 43 A o SAX AR = il 4k 1 5 K
NIRRT A PAA (B, DT ™ A= I8 A5, J5 R H T
ST RS /N AR 32 BT S TR A RS

1 2 4% 45 7 ( Bag-of-Patterns, BOP) (7] $HL
A5 AR Dy IR 5 51 Y e SR AL R IX 8 T 2 A
¥tk SAX, IR I ED AR O JBE I R A7 AH AU
PERE B A S N T, g 38 VR 2K SE . BOP J5 ik
N P T A 2 8] A, R R I )RR 8 R
JE—28 SAX FAT R B R AR G, B SAX
TR M8, BT B BT R R .

B SAX IR iy 5T i gk T PAA AL, RIS
) Fe 51 73 0 9 BOEC, FH T AL B AF 5 B (7 BE
KANEO ME R . [REE, SAX i1 (1 755 2 )
WA o0 B A 22 ) 8, A BE R R o By
LEE N

NI, — 26 SR 25 T SAX R 3k 46 [a]
Pham 25" 38 53t 5| A 8] 5 51 4% 19 1 B A0 A
R/INE A T B 3 N7 T Ok ok % ik i 307 iR i3t o
R 3E A ol FH 2R 28 07 2 5 A WAL BRI B, sk 2
T OSAX BRI PR, O AR SAX B HE B, 3
BRO19 ] A 32 19 97 JE A 5 2R & i B ( Extended
SAX, ESAX) ¥t PAA BtHYAF 5 e/ ME A IR KA S
IR SAX AF 5 DL KB AT Bt 30 e AR 5% Bk
XE ST — A RIEAR, T LA I E] 51 AR
PEAL T 25 2R, (B &, ESAX RIR R/ 2
SAX RN R/ 3 M8 IWBCRIY MR , &
BBCARSCHER [ 19 ] W97 i 5 A TR R /N SAX 3R
ANBEATHL . SCHR [20 ] $2 i Y ik T S i 75 5
4 1@ 3T ( Trend-based Symbolic Aggregate approX-
imation, TSAX) , fE &> BOP iR 1 2 4 %
FEh5, TSAX AT LAIX 73 2 A A [A] 34 =22 1) 1 22 5
TEATSAS BE S R[] — i b i 22 5. 53 4b, TSAX
FRNR/NE ESAX AR, J& SAX 19 3 .

B e 2 2R e B R s I ) R B

oy R A bR o A SO — Mt 9 5
SRR B HAF 5 G P (Trend Symbolic
Ageregate Approximation, TrSAX) , 4 i SAX 5
NS, LA AR I 8] PR 5 A B0 A RE R FE R
Bz S ) A OL T, B — 20 B T AR SR U
S

1 DERKFHE

1.1 DEENHERE

WA 55 B AN TR), — 00 T2 B 35 0 R AT
ZEH AR AR RE KR RS 2
MY RS R IR R G MR ARG LK
RO RS BRI RS

Ao R G AR, Bt i e 4% 73
RGP CE TR AL A R R R
e 136 ) M 1T, FE T R O AR
1.2 IEENHEF=

TR A I R — B a0 o B A AR Y
By o nl 053 D 57 AT i OGBS DR S
By o AU a) 20 oy O e AR AU L IXC[R] AR AU
AR R . o R RO IE S
THECHR S 35 B 2O R R R A il
JE RS BeAh, T TR R i IR LA JE s
A7, T 28 0 e A7 1 A

g b AR TR AN TR 20 2 48 00 HL ARG I K dE
it B AE BEAT FE 00 3 M BHE BUAL BEZ ) E AT
2R RIS AN AR BRI o
1.3 BEXTDEEBNHES W

SCER (21 ] xt X =57 18R 38 W A5 4 i
17 00, b & 133 K S 4, i [ B 2
500 Ko FxF 3 Bl EL A R iy 81 (L
WAL ) A RIEAT T RARBESE

F T TR B I g B A A e ) R O G
X 28 50 114 A JE 0 BE AT 0 A, Al R TR AR
JAMIZ W RS S R IEH .

Gt B0 I R AT o B, BARARE T
AR5 3R AT 73 B, AR A i A 0 3K 2 6 g 0 3k
{H ] 0 ~360 AW FF, B A7 & 011, B S 177 fs
AR o TR Wi A 0 X fEL BE 98 S e i T3 2 3
a7 00 E, b R (e i 360 BEAZE] 0 fY
VB e £ 58788 s BEAT 23 BE o A T PR i 2 T AN
SERE T A SR h BEAT A B , W DR A0 BT )Y
G 5E 8

a1~ &3 R, R A A ] 8 Y
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U TR B A B I3 18] 7 1) o0 B 2 fin 4 3R
Fig. 1 Satellite angle test time series segmentation

merging results

B2 05 BB it B 18] 5 2 4 B 2 in 25 SR
Fig.2 Satellite rotation speed test time series

segmentation merging results

P 3 T v g 00 3 I ] 370 43 B A i 4
Fig.3 Satellite electric current test time series

segmentation merging results

BB Y T 4 000 S A ROREA A, B T 0 Y %L
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1) & Fe 5B AR AL S AT R, JR & A 40 /)
ZE0, P ARG .
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WniE 2 frs A BB AN 3 R o

2 HEXEX
2.1 RiEF3

B 6 5 90 KA R A o A TR — S 4
F1% 801 e BT 110 548 i W 1 210 1 o ) 581 -

T = (1,,t,,,1,) (1)
AR FE T KR n,
2.2 #

M ShE O e g R A R T = (e
b, )R EREN 0 WEZNKS,,, = (1,
Li+1""9ti+w-1>o
Segment(7T,w) = {Sl;w,sz;u,,"'»srml;wf (2)
KA P T n - + 1 A
@;m = (t]7t2"“’tm)

@;w = (tzyt_s""’tmﬂ)

D .
% :
Lg]

n-w+l;0

(3)

= (Ut s bugens 7 ly)
2.3 K&

WS, = (ot sty B m AR
B, £#m NWEA 15,7 =1,2,,mf,s =
{1 el =1,2, Lt L = floor(w/m) , floor
BRI I 1) R HURE BRI

K4 S R 1y A R A iR i K
o S12 [ I] 3 50 B A 4 53 R 449 AN, A
e RN

P4 IR 30 3 2 o

Fig.4 Schematic diagram of time series division
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)30 o NEMR X, N0, 1) Bl & T
9 B =B,,B,, B, FIW i [\ T ARET 1/,
o P o 4 W o s A 9 20 19 P AL s, 22 o
R o R i A DI /N g AR S TR o
K1 FEHEAI-IMNHATRE
Table 1 Look up table from breakpoints with
alphabet sizes from 3 to 5

B: 3 4 5

B -0.43 -0.67 -0.84
B, 0.43 0 -0.25
Bs 0.67 0.25
Bs 0.84

K5 ¢=3M¢=4m,8FHEANE TH
FAI PPN SEN
Fig.5 Corresponding relationship between average

values and lower-case letters for ¢ =3 and ¢ =4

3.2 BE%EE

SAX 220 1 i 18] ¢ 51 B vp 0 F 43 Hr i f)
F 7 AL 2 50 T 2 R M5 R IX — T 24
fik o O T iR B fE S A SO fe /b — R kR
TR A 18] PP 57 1) AR R A

LY Gxu) = XYy

LY ) Yy
Krp L =floor (w/m) , Jg— A B iy %) 4%
AT BE

K O°FN +£45° = A~y BE (1) R 2 4E Ry A1 BE 1)
B (K A B 25 1) (- 90°,90°) Rl 43 5 NMEE S
[E] B, an &l 6 Frs Bt 5 B RER RS F Bk R
IR IZTEEXS N T E AT 0 5 B DX A, X R
2,6 A B2 A5 ] (- 90°,90°) B4y 5 RS
Bl A S PO M (A) (ZEFE(B) JKF-(C) |
ZeyE (D) M (E) .

BB 2 NP5 R8RS FRERIRRHR(E,
NG FRERIRE B . B 0 KSR
B G ERREG DI ETF I XL 5
AN IS TR B /N B e FR O B RAT 5 R A
AL (TrSAX) IR . B 7 K BE 64 (1 1) ] )7 51
A TSAX FREER X T @ =4, B TrSAX 704
AcAaDaEa,

k

(5)

P 6 JE a] I 7 B A A 5 R

Fig. 6  Angle interval and corresponding letters

7 BT R AU (TrSAX) FoR 7R H
Fig.7 Schematic diagram of trend symbolic aggregate

approximation ( TrSAX) representation

4 TrSAX f%

5 BOP Jy vk 2Bl , A SCH2 WU 8]y 51) o 114 4
YER 179, JF F H 5 45 o TeSAX 3a], ] — 2% i
6] ] 1) A] %% Sy — 4> TrSAX i) 48 ( Bag-of-TrSAX,
BOTS) .

4.1 BOTS S#igE

BOTS 4 240, 0 W WK E o F1 3 4
FHFRRE TrSAX 285, Bl F BEAF 550 o %K
BB m MRS F Ry,

4.2 BOTS T1Eiie

1) 4.1 950 TeSAX 288, B dia 4R r
— KN H s = (ye)" 1Y TrISAX“ TR

2) AW O RE Ky n 1Y JE AR I
[E] P51 T 845y n - o + 1 AT E RN

3) ¥k Lot ]y SR #EAT (0, 1) prifEfl o

4) i [A] U Al TrSAX 5

5) WEF A T H45 5 R — A4 TrSAX F4%
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Un AR I [ 77 9 A W 7 el AR I S -3 A U
VP2 S 10 BORE 5% 45 0 A IR] (9 TeSAX 7o 45 X
JIr A i 28 B A TeSAX J ] o A7 7 F B, 03T

G, T B kK R B, AR SO BdE AL
2907 LG B TiSAX i A — A, O
20 T A A, B R B Bs Ay R
B B B TISAX G RHL

AU TISAX T4 i S
S = DbDbDb DbDbDb DbDbDc¢ DbDbDe DbDbDe
DbDcBc DbDcBe DeBeBe DcBeBe BeBeBb BeB-
¢Bb BcBeBb BeBbBb BeBbBbh BbBbBb BbBbBb
BbBbDb BbBLDb BbDbDb BbDbDb DbDbDb Db-
DbDb---

BARMAZ )G, P s S U0 S
S’ = DbDbDb DbDbDc DbDcBc DcBceBe BeBeBb
BcBbBb BbBbBb BbBbDb DbDbDb---

RJE M EE DT H UGS I A P AT S
H Y TrSAX FL ] ) 40
H:DbDbDb =2 ,DbDbDc =1,DbDc¢Be =1,DeBeBe =
1,BeBeBb =1, BeBbBb =1, BbBbBb =1, BbBbDb =
1.

TEREAS I 8] 7 50 3645 B 05 I/l H Z )5, i 57
TrSAX PR M, H o B — 170 B2 5 [ 1y 510 5
P, BE—FUXE LT TeSAX 350 £ 2 451 T — i
6] P75 ¥ BOTS 27 JE 21 B 8L/ 491

XEFARAT AR R M i [] 7 81 A UL 6
PIAT A BB R0 S 5 R B F O MR 4 E AR
M,.., sm, ] HR = [my,
Moy, my, RFERER S i A7 R AT o

®2 BEFFIIE BOTS RRM K E MR

Table 2 Visual example of BOTS representation for

R, = [mil’ My,

time series

IFE P55 AaAaAa  AaAaAb EaEaEa - EdEdEd
1 2 2 13 0
2 3 1 0 0
3 1 2 12 0
m 2 2 14 0

Wi NI TE] R 30 T, F0 T, S5 451 >k , i BOTS
%R ,BOTS JE B 2 LWy

D(Ti,T].) = dist(Ri,Rj) (6)

A

dist(R,-,R/-) =

\/(mil - mjl)2+(mi2 - m]2)2+ e+ (my, = mj,,>2
(7)

5 XmaH

5.1 LWHEE

L 178 T2 0 500 5 A 400 P R R
SR A S B TR R T 2% [T
T AT T2 18 I 2 JO8CH 28 (o) A P 1 28 T s
SEHATRAE, A UCR 22 JF %d 4 rh i ok 5 10
JE 8 DU B3 B £ B2 Y 81 26 fRLAY Sony ATBORobot-
Surface ¥4 4R , 55 T3 52 28 W K04 v Y e 3o 1 1) 2
LAY Fish £ 4k , 5 108 28 I A0 60 i i 7 31
RAURY FaceFour s 5 2 17 52 56 50 Uk, 3 A~ i [i]
5B 4 5 B35 3 Fm .

R3 HEFIBESEFHAEE

Table 3 Details on time series datasets

s i 5 Ex g/ MitdE % FAIKE

SonyAIBO
1 20/601 2 70
RobotSurface
2 Fish 175/175 7 115
3 FaceFour 24/88 4 116

5.2 ZHl%

TR & — DN R AR A — I B
KANGENGESE ., 4.1 WFriR,BOTS 432k
a2 4 NSH

T 5 AR 1 R T ik 45 38 B IE AT
A Il T IX S SR I B RS T RE R
y =5 MFRFSH e =4, W FTEOEE m, A
CHEFEL3,4,50 0 W TIKE o, &M 16 T715 , 5
U, BN T BT n2, IR EMT
B o

IR B B B Y2 4% 38— 1 280, fa
R RUER R R . AR 2 S B A AR Y
Iy JEUERH A, M BRI S8 TR 2R Beiy
GRS TN GBI E N B AE S BUEE S Ly,
@,m,of, Al HREAEMIKE FiEfT 2.

i1 BOTS 4325k,

From sk. learn. model _selection import cross _
val_score

colLengh = len ( trainInput[ 0] )

end = int( math. log( colLengh/2,2))

windowList = list ( map ( int, np. logspace (4,
end,end =3 ,base =2))) ##EKJEM 16 FFih, &
oA, BEVN T 85T n/2

wordList = [3,4,5] #BW$e

tmpErrorRate, optimalWindow, optimalWord =
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1,None, None
for window in windowList:
for word in wordList:
testErrorRates =
cross _ val _ score ( trainAndPredict ( window,
word , trainlnput, trainLabels, testInput, testLabels) ,
#5 31 58 LR R
testErrorRate = testErrorRates.
#IBCF- 1580
logRecord. append ([ window,

X_trainval, Y_trainval ,cv =5)

mean ()

word , testErrorRate ] )
tmpErrorRate , optimalWindow , op-

timalWord = testErrorRate , window , word ~ #45 3| £
(NIbE RN ANk 1§ S
5.3 TrSAX £ B2

FrA S BE S S A Bistr s,
R IR ARG RSB AT I ] W 8 FIE 9 FR o

Untel 8 s , B R m A 3 HEINE] 4, 7326
BEDRR A B AL, BRI A fe . B
Y m 5N S W, ar R R WA . m BME
X P JF DR A R (E AT —E ML R, X
FARICH B R Z RO R 1 S5 5, (o 3 804 2%
RARGF

B8 =Bl 1 7 R iR AR 2

Fig. 8 Classification Error rate results for three datasets

B9 =B AR 1 47 i [l 45 21
Fig. 9 Running time results for three datasets

W9 Fros , BERY R m X3z 17 I 6] /4 52 i
A 24BN HE,m 3 HINE] S, a8 47w [
B R TeSAX G s =20" Bl m (1)
BB K I H 5 s R B IEAE K. 5
Sh,AE m AR F R B0 R, 33 A7 I Ta) Bl AR A 3
T/, I H 25 5 R /IR 3 i 15 B0 5 i W
o 32BN R R BB, I K o 195
T b T WS B R B KR W] I8N T ORT 3RS Y
R M RN T T iz 47 ]
5.4 MHEERIKWER

1 A SCTT 4 B AR 1 s A B R
SAX i3 K el . WL, f 5 1-NN SAX (5
BOP) E4T He L. J34h, 4 T ESAX Hl TSAX 1
NHESE R MEIE Pk, BT ED A DTW g5y
(9 1-NN 73 a8 70 J i 6] F 3] b B AR v i AU ER
PEFITE S J1 o G, B A SCHR Y BOTS 53X 5
TR HEAT LA, I3 4 FTos

M Ak 3 A Kl 4 R AT BUE SOy 2R S
KAk T BOTS M A &L SEH 458 /R, BOTS 7
REEAE 3 MR 0 BT R R SR AR, R
Bt AEF-EHEA O3 T, BEA N & BOTS > 1-NN
TSAX >1-NN SAX >1-NN DTW >1-NN ED > 1-NN
ESAX,
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Table 4 Classification results of different representation algorithms

i 1-NN ED 1-NN DTW 1-NN SAX 1-NN ESAX 1-NN TSAX BOTS
SongAIBO Robot 0.215 0.199 0.236 0.217 0.187 0.171
Fish 0.198 0.237 0.109 0.469 0.192 0.080
FaceFour 0.222 0.151 0.053 0.182 0.06 0.023
S ¥y R 4.67 4 3.33 5.33 2.67 1

TEFTIEFER) 3 D EE S P, 1-NN DTW F 1-
NN ED 2 3 45 &7, W& Ik F 1-NN SAX, ff F 1-NN
ESAX, [fif BOTS #l 1-NN TSAX 2 ¥ { F 1-NN
SAX, T 1-NN ESAX K IH 4 525, N5 6, ]
AT X FEAR 2 A 1R 2 5 ) W] Bk, X SAX 1
T 3 i A B AT DA I R AR A 28 R R T
AN B A A U] 2 B 1 4 S A R

5 SAX A I, TeSAX [ L 55 AE T & 7T LA idE
b B B SORRAE 38 B A A [ 34 (B
[F] B e T 1) AR [E], A RE S8 AT 22 S g 26 8 0
QUESE RS D /3= Y ORI TR (ST )
TR ] 7 A HAE B TR K S R R
B, IF BV 2 D SRk il A A i E 1

TrSAX oA — Sl o5 . B UZ Mt 0°F1 £45°
3 > B 1) R (L FAT 5 b K 8 SRR AE X 43 R Y
Ge3h KT (ERE R B S AR X T 24
WA o X T — Se R ik 1Y EicHis 48, AN [ 19 A B
Vi) Py 2 el A5 2 S HE B AN ] o An o] 5 BB 2 A 2
Vi) o 1 17 i) RBEATS A Mg DA

6 % it

1) RSP T — Bl 2k T AT 5 A1)
I 8] )3 810 32 78 J5 1 TeSAX, m] LUK B 1 1]
B A 0 R A5 A 2% I 4 g T LA P /s —
ek 4 & SAX 7w o il ik B3> I [8] 7 51 B 1 F-
PE AR

2) XSCERL2LTH I W =57 LR 38 I 4K
EHEAT 700 B, A5 A P B B e A LR Y
B 3 Fof i 0 50 EL A T A R, LA R
IS 1] 77 1) £ R ) 5% 748 i R AR IR AT 00 B, 2EAT &
Iz &L, T LAAT 2R A 5 B i SR 0 i R AE
UCR 23 30 8040 46 wp 0 3 1 5 ff B2 )3 31 ol )
B TSI RIAY 3 AR AT 1SR R

3) i S g AT Be RO m, K » 94
FREXT BOTS 73 JEPERERY R o ] B R m R
/NI @ SR AN A JEUAR I (8] Fy 81 A9 R AT RE 2 1 40
IR I )Y 51 53 e R A A 45 R (R, S8R
ZORIEN] X — W BB A LB BEE m B3 R
w B, I AR BN 2R T . T E

m Ml o WAL A, T B e S A 00 I 2R 500 4 -
BTN SR HEAh ,m X5 AR R U, IE Hom
Fow HABE KW, X+ RKZEEEE, m 5
T3 a4 mT R AL AT E RS R

4) XFHR s R BN, 5 T AEEN S A
RSN 3v Y5 2T NGRS 1 By DRI AN A&
£rh, BOTS 7p S5 2 2 W] 0 IR T FHoAth 5 F 432
Tk 6 Aok TR AR 0L 4 3 0 2 B0 4 S R T
— R A S

TEARE IR T, RS m o ik
B, DA R A 2 B0 i, ) B B A R
[ B EVEAT I — k. AN, BB IR R T
TrSAX 1) H A AT 55, WSR2 LA KA S 1 40 BT 55
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Satellite time series data classification method based on trend
symbolic aggregation approximation

RUAN Hui', LIU Lei’, HU Xiaoguang' "~

(1. School of Automation Seience and Electrical Enginecering, Beihang University, Beijing 100083 , China;
2. Beijing Electro-Mechanical Engineering Institute, Beijing 100074 , China)

Abstract: As the main symbolic representation method widely used in time series data mining, the Sym-
bolic Aggregation Approximation ( SAX) uses the mean value of segments as the symbolic representation.
Since it is impossible to distinguish different time series that have different trends but the same mean value, it
may lead to incorrect classification. This paper presents an improved symbol representation—Trend Symbol
Aggregation Approximation ( TrSAX ), which integrates SAX and least squares method to describe the mean
and slope value of the time series, and constructs the BOTS classifier. In addition, this paper analyzes the an-
gle sequence, rotation speed sequence, and current sequence in the satellite analog telemetry time series data,
and selects three datasets similar to these three sequences from the UCR public dataset for classification experi-
ment verification. They are compared with the 1-NN classification methods using SAX, two improved SAX,
classic Euclidean Distance (ED) and Dynamic Time Warping (DTW ). The results show that the classification
error rate of the proposed BOTS classification method is significantly lower than the other five classification
methods.

Keywords: satellite telemetry data; time series; symbolic representation; time series classification;
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(1. Jest TR S Be, Jbat 100081

Bex', TE, A, FEE, BER

2. JestEITRY: A fberBe, Jat 100081)

i E: # o F AL (Event Camera) fiy i 895+ & F th iR 5 B 4 Al T ARV E 3 U
MENAESFHGFERERFOAANE-—RTNLRERE . Z0FHRES BT
TP MR S KM R R R RUR R 3R B 3h S i B TE e o DA 2 At AT PR R AL B T A
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X OB WA EFHMEN; MR BE; THRL; S8

B 4SS V249.3275; TN957.52
MNERIRERD: A

FAFAABL (Event Camera) J& — FiUF 2% 19 24E ¥)
P S, 1% BEWTAH AL ( Frame-based Camera ) i
T ] 7 ) B DG I TR] DL — 5 Wit A8 CoR AR R, A
BIL ) 308 o A 0 A — R 2R 1 = A —— S AR Ak
TE 56 B A8 A0 R 3 T 1 {E I 57 20 i 1 45 R b hk 5
PR o A% e WUAH B 32 BR T 3RCRE 1 2% 17F , it 28
— A 15 ~ 200 fps (fps Ky Mi/s) , 75 5 8 iz 3l 1Y
s s g B . S5 IR, fE S s AW
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A A TR RS
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NXEHS: 1001-5965(2021)02-0342-09
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Wiy , £ 48 W AH ML A7 7 12 2l B2 R | G i X R AE IR
20,3z Sl B A T A A R A R, R
BB A TS S AR L 0 AT L9k b 3k 26 R
JB o FAFAHALAT R T I N % AL A EPLA
A DL M35 B SE ( Augmented Reality, AR) Al 5] B
B M E A 7 (Simultaneous Localization and
Mapping, SLAM) £ | A1 b 4% S8 Wi AH HL 2 A K
FER F BN A Pz S RIS B R A TR
RE SSRGS,

S AL SE bR I R AAAE [, — 5 T
FF AL T A B S5 48 0 BR B 5 B AR AL+ B
S TR B 00 S A S R A R R R T
Mg P ] RE R IR T B A5 T 1 i I ) Ji i g S L
JGHL AR BT SR Y e A AL 0 T 2D Y

W fs B . 2020-05-18; F A BH: 2020-06-18; M4 H kR 1A . 2020-07-07 11 .44
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E£TH: HEXAARSES (61871034) ; A TEH I H (41417070401)
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Fig. 1 Pixel structure of three event cameras
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Fig.3 Comparison of event stream visualization methods
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Fig.5 Noise processing ( Scene 1)

K6 frklscrE (g 1)

Fig. 6 Corner detection ( Scene 1)
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Fig.7 Noise processing (Scene 2)
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Fig.8 Corner detection ( Scene 2)
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Fig.9 Comparison of three visualization methods with

different parameters ( Scene 1)
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Fig. 10 Comparison of three visualization methods with
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1 RELEFEHBESZRIT(HE1)
Table 1 Counts of the number of events after noise

processing ( Scene 1)

5 FEWRRT S AR EWME S FOEERRR/ %

k(8] 300 000 147 584 50. 80
k(9] 300 000 16 853 94.38
'Y 300 000 150 390 49.87

2 BELEREHHESRIT(HE2)
Table 2 Counts of the number of events after noise

processing ( Scene 2)

PIReS MEMR T8 FEME IR R RERER/ %

SCik[8] 200 000 143 141 28.42
k(9] 200 000 47 770 76.12
A 3L 200 000 144 784 27.61

xR3I EH"DNMEREGEFESIT(HR1)
Table 3 Frame rate and variance of events

number (Scene 1)

24 Wi/ ps I E SR SRR T 2%
£=0.005s 199.61 1242.46 1484647.06
£=0.01s 99.15 2493.04 5904817.08

FA0=0.005s 399.21 1244.48 1485470.66
fFHe=0.0ls  198.95 2493.03 5901746.16
n'=5000 48.92 4953.70 2053.29
n'=7500 31.96 7479.11 396.15
1=0.005s/n=5000 198.30 1250. 60 1488 157.62
t=0.01s/n=5000 105.67 2340.09 3169479. 88

x4 EHDUMEREGEFEFRIT(HE2)
Table 4 Frame rate and variance of events

number ( Scene 2)

S5 Wi/ fps I E FOEE SRR T 2
t=0.005s 196. 38 1905.05 1390079.79
t=0.01s 96. 88 3810.11 5418706.82

H&E:0=0.00s 392.76 1917.66 1398532.31

F&H1=0.01s 193.76 3860.91 5489364.28

n =5000 70. 69 4992.55 42.10

n=7500 47.13 7239.2 67523.44

t=0.005s/n=5000 196.38 1905.05 1389610.55

t=0.01s/n=5000 107.36 3447.23 2262338.62
4% #®

A SCH Lz 8l i 2 5|k i 1R i B AT s [
7% 8] (4 3 SV R A7 M 75 Ak B, O R S 1R 0
I [ (5 DO PR 1) 07 ik BEAT AR T AL . A
SO e B AR SR AT SR R A

1) T S I I 2 3 2 10 M 7 Ak B 7 3%
AT LA TR 7 I 23 40 i 28 A 3 3 il B
FI-F- St n] LLOR B o 2 AR5 R

2) SO S A (8] B {E BB ] F AT A T
LT LA Bt — AT 55 R I F W 818 Bl T 2%
S AT LA DRIE 3 ™ i R 0 S P e i B R
ZUIS ] LY B 300 it 45 1 05 B A

J 8 ARG 22 B 0 W R 200 2% A SR A7 IR P 5
AR I TR L KR E S A AT AL AR aa AT i [a] o
ARANG HE— 2 AT I T S AFARPLAY KL (R
P AL S UT 55 B

£ %3 (References)

[ 1] RN, A5, BMAT, 55 i 2 T8 250096 1% B B T
FARFGE[T]. Pk ™ 241 ,2019,3(4) :63-71.
SANG Y S,LI R H,LI Y Q, et al. Research on neuromorphic
vision sensor and its applications[ J]. Chinese Journal on Inter-
net of Things,2019,3(4) :63-71 (in Chinese).

[ 2] GALLEGO G,DELBRUCK T,ORCHARD G, et al. Event-based



%2 SIS PN FE S SR NOEI KRV sl SRS

e R

M ]

349

(6]

[7]

[8]

[10]

vision; A survey[ J |. IEEE Transactions on Pattern Analysis and
Machine Intelligence,2020,99:1-1.

Fomrst HOENE, ER. T AMLE L/ B 4L AT
LD AR 28 i R OK 22441, 2018 ,44 (1) : 176-186.
WANG T T,CAI Z H, WANG Y X. Integrated vision/inertial
navigation method of UAVs in indoor environment[ J]. Journal
of Beijing University of Aeronautics and Astronautics,2018 ,44
(1) :176-186 (in Chinese).

VIDAL A R, REBECQ H, HORSTSCHAEFER T, et al. Ulti-
mate SLAM? Combining events, images , and IMU for robust vis-
ual SLAM in HDR and high-speed scenarios[ J]. IEEE Robot-
ics and Automation Letters,2018,3(2) :994-1001.
MUEGGLER E,GALLEGO G,REBECQ H, et al. Continuous-
time visual-inertial odometry for event cameras [ J]. IEEE
Transactions on Robotics,2018,34(6) :1425-1440.

T B, R SE, X S S I TSR AR LAY E 7 5 R T
%2R 0)]. A bR ,2020,46 0 1-11.

MA Y Y,YE Z H,LIU K H,et al. Event-based visual localiza-
tion and mapping algorithms: A survey [ J]. Acta Automatica
Sinica,2020,46:1-11 (in Chinese).

XIE X M,DU J,SHI G M, et al. An improved approach for vis-
ualizing dynamic vision sensor and its video denoising[ C] //
Proceedings of the International Conference on Video and Image
Processing. New York:ACM,2017:176-180.

DELBRUCK T. Frame-free dynamic digital vision [ C] // Pro-
ceedings of International Symposium on Secure-Life Electron-
ics, Advanced Electronics for Quality Life and Society. 2008 .
21-26.

FENG Y,LV H Y,LIU H L,et al. Event density based denois-
ing method for dynamic vision sensor[ J]. Applied Sciences,
2020,10(6) :2024.

HUANG J,GUO M H,CHEN S S. A dynamic vision sensor with
direct logarithmic output and full-frame picture-on-demand[ C ] //
Proceedings of the 2017 TEEE International Symposium on Cir-
cuits and Systems ( ISCAS). Piscataway: IEEE Press, 2017 .
14.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

MUNDA G, REINBACHER C, POCK T. Real-time intensity-
image reconstruction for event cameras using manifold regulari-
zation[ J ] . International Journal of Computer Vision,2018,126
(12):1381-1393.

BARDOW P,DAVISON A J,LEUTENEGGER S. Simultaneous
optical flow and intensity estimation from an event camera[ C] //
Proceedings of the IEEE Conference on Computer Vision and
Pattern Recognition. Piscataway ; IEEE Press,2016 :884-892.
SCHEERLINCK C,BARNES N,MAHONY R. Continuous-time
intensity estimation using event cameras[ C] // Lecture Notes in
Computer Science. Berlin; Springer,2018;308-324.
LICHTSTEINER P, POSCH C, DELBRUCK T. A 128 x 128
120 dB 15 ps latency asynchronous temporal contrast vision
sensor| J|. IEEE Journal of Solid-State Circuits,2008,43(2)
556-576.

POSCH C, MATOLIN D, WOHLGENANNT R. A QVGA 143
dB dynamic range frame-free PWM image sensor with lossless
pixel-level video compression and time-domain CDS[J]. IEEE
Journal of Solid-State Circuits,2010,46(1) :259-275.
BRANDLI C,BERNER R,YANG M, et al. A 240 x 180 130 dB
3 ws latency global shutter spatiotemporal vision sensor[ J].
IEEE Journal of Solid-State Circuits, 2014, 49 (10 ) : 2333-
2341.

MUEGGLER E, REBECQ H, GALLEGO G, et al. The event-
camera dataset and simulator: Event-based data for pose estima-
tion, visual odometry, and SLAM [ J]. International Journal of
Robotics Research,2017,36(2) :142-149.

SHI J B,TOMASI C. Good features to track [ C] // Proceedings
of IEEE Conference on Computer Vision and Pattern Recogni-

tion. Piscataway : IEEE Press, 1994 :593-600.

EERAN:
[SE=Pr I LS s ) e SO b2 0 R o 3 1 8

-

L R, S BRSO O LR

BEARE A5,



350 B[ AU =N/ NI NI = 2021 4¢

Visualization and noise reduction algorithm based on event camera
YAN Changda', WANG Xia'* , ZUO Yifan', LI Leilei’, CHEN Jiabin®

(1. School of Optics and Photonics, Beijing Institute of Technology, Beijing 100081, China;
2. School of Automation, Beijing Institute of Technology, Beijing 100081, China)

Abstract: To overcome the problem that the asynchronous event stream generated by the event camera is
hard to observe, utilize and there is a lot of noise, we introduce an improved visualization and noise reduction
algorithm for the event camera. Because the event stream reacts to the object movement, the proposed algo-
rithm gets valid events by filtering the noise with the time and space continuity of moving edge. To easily ob-
serve and apply, events are accumulated with a double limitation of the events number and the time threshold.
In the real dataset experiment, the noise reduction algorithm can effectively deal with the background activity
noise and save the detail edge information when the movement begins or moves slowly, increasing the number
of corner detections. The visualization algorithm reduces the variance of events number while ensuring the
frame rate, and improves the information uniformity of the “event frame”. The experimental results show the
effectiveness of the proposed method in terms of noise reduction and visualization.
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A smooth Sun-pointing guidance method for satellites
constrained by deviation of Earth-pointing
JI Haoran', HUANG Di'”*

(1. Institute of Aerospace Science and Technology, School of Remote Sensing and Information Engineering,
Wuhan University, Wuhan 430072, China;
2. College of Aerospace Science and Technology, National University of Defense Technology, Changsha 410073, China)

Abstract; Under traditional Sun-pointing guidance method constrained by the deviation of Earth-point-
ing, the expected attitude of the satellite would rapidly flip when the angle between the satellite-Sun line and
the satellite-Earth line reaches the extreme value, leading to the large peak power consumption and lifetime
damage. Aimed at this problem, this paper provides a novel Sun-pointing method constrained by the deviation
of Earth-pointing, which can make the expected attitude change smoothly. By this method, the expected atti-
tude of the satellite is set to rotate periodically around a reference attitude. The deviation of Earth-pointing is
kept less than the constraint angle with the attitude moving smoothly, while the effectiveness of Sun-pointing is
not evidently reduced. Numerical simulation results show that the proposed method can greatly reduce the peak
angular velocity of the satellite, and can meet the requirements of both Sun-pointing and Earth-pointing.

Keywords: Sun-pointing; deviation of Earth-pointing; expected attitude establishment; Euler axis;
Smooth Sun-pointing method
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Real-time obstacle avoidance algorithm based on
pigeon-inspired optimization

LI Shuanglin, HE Jiahao, AO Haiyue, LIU Yanbin"®

(College of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract; In order to ensure that the mobile robot can reach the target position without collisions, this

paper proposes a real-time obstacle avoidance algorithm that integrates the pigeon-inspired optimization into the

Circle Sector Expansion plus (CSE + ) method. This algorithm includes a judgment mechanism to evaluate the

distribution of obstacles. When the obstacles are densely distributed, the safest path will be selected. Other-

wise, the pigeon-inspired optimization will be used to find an optimal position as the next target position in the

safe range. In addition, a search tree is used to detect and avoid the dead-end situation. The simulation re-

sults show that this algorithm can improve the efficiency of path planning, the effect is more obvious when the

obstacles are sparsely distributed, the dead-end situation can be detected, and the robot can pass through the

narrow and long corridors.

Keywords: path planning; local path planning; pigeon-inspired optimization algorithm; Circle Sector

Expansion plus (CSE + ) method; obstacle avoidance
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Survivability of underwater communication system
based on node connectivity
WANG Yida, LIANG Qingwei” , ZHANG Xin

(School of Marine Science and Technology, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: In the underwater communication system, it is one-sided to describe the importance of each
node in the underwater communication system only by considering the strength of the node. In order to better
evaluate the importance of the node in the underwater communication system, this paper proposes the node
connectivity. This indicator describes the underwater communication system, explains the definition and meth-
od of node connectivity, and calculates and derives the importance and failure mode of the underwater commu-
nication system node, and obtains the information of the underwater communication system node. The proba-
bility calculation method, by simulating an underwater communication model, verifies that the node connectiv-
ity index can describe the survivability of the underwater communication system.

Keywords: node connectivity ; node failure; intentional attack ; random failure; underwater communica-
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Table 3 Variance of errors between two

models and target spiral trajectory
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Maneuvering flight control of QUAV based on bi-directional
motor actuation
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Abstract; The position and attitude control of Quadrotor Unmanned Aerial Vehicle (QUAV) determines
its maneuverability. First, to overcome the mobility defect of the under-actuated system, the dynamic model of
bi-directional-motor-driven QUAYV based on quaternion is presented, including the analysis on omnidirectional
movement process. The attitude and position controllers and QUAV’ s control allocation matrix are illustrated.
Then, considering the vertical x-z plane model custom-built for the new QUAV, the optimal planning tool is
used to propose the maneuvering flight trajectory generation method suitable for QUAV by setting reasonable
parameters and restrictions. The trajectories are produced but not limited within flip, vertical roll and point-to-
point. The thrust and torque outputs are optimal to achieve rapidity under the conditions above. Finally, a
QUAYV simulation environment with circuit, electronic speed controllers, motors, blades and frames is estab-
lished. By evaluating the results of simulation, this paper demonstrates that compared with unidirectional-ro-
tor-driven QUAV, the bi-directional-motor-driven one effectively improves the accuracy of attitude and position
tracking and promotes maneuverability.
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Fig.1 Schematic diagram of liquid-filled spacecraft model
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Fig.3  Curves of spacecraft angular velocities
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Event-triggered attitude control of liquid-filled spacecraft
DONG Xinlei'?, QI Ruiyun"** | LU Shan®*, WANG Huanjie’"*

(1. College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China;
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Information Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China;
3. Shanghai Aerospace Control Technology Institute, Shanghai 201109, China;
4. Shanghai Key Laboratory of Aerospace Intelligent Control Technology, Shanghai 201109, China)

Abstract: Aimed at the attitude system of liquid-filled spacecraft with large-amplitude liquid sloshing and
limited communication resources, a control strategy combining adaptive sliding mode control and event-trigge-
ring mechanism is proposed. First, sliding mode variable structure control is used to weaken the nonlinear
effect of large-amplitude liquid sloshing for a liquid-solid coupled spacecraft attitude system, and an adaptive
updating law is designed to estimate the uncertain parameters online to improve the robustness of the system.
Then, considering the limitation of onboard computer resources, an event-triggering mechanism with relative
threshold is designed to determine the update of control input signal, so as to reduce the occupation of commu-
nication network caused by signal update between controller and actuator. Finally, the simulation results show
that, under large-amplitude liquid sloshing, the control strategy can not only make the spacecraft attitude sys-
tem converge to an arbitrary small boundary, but also reduce the control signal transmission by 96% and
reduce the communication load of spacecraft.
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Unmanned aerial vehicle swarm formation control based on
paired interaction mechanism in jackdaws
ZHANG Ling"®, DUAN Haibin"*> ", YONG Ting’, DENG Yimin', WEI Chen'

(1. Bio-inspired Autonomous Flight Systems Research Group, Science and Technology on Aircraft Control Laboratory,
School of Automation Science and Electrical Engineering, Beihang University, Beijing 100083, China;
2. Peng Cheng Laboratory, Shenzhen 518000, China;
3. National Key Laboratory of Science and Technology on Information System Security, Beijing 100101, China)

Abstract. Inspired by the paired flight mechanism of jackdaws, a paired interactive swarm model is pro-
posed and applied to the Unmanned Aerial Vehicle (UAV) swarm control system. Firstly, by imitating the
paired interaction between jackdaw individuals, the neighbor selection mechanism is designed in pairing inter-
action. Considering inertial acceleration, long-range attraction, close-range repulsion, speed matching and
motion damping, the paired and unpaired individual’ s differential equation of kinematics is established based
on the social forces. Then the construction of the paired interaction model is completed. Secondly, based on
the UAV control model, a UAV swarm controller in paired interaction mechanism is designed. Finally, two
sets of simulation experiments are conducted to study the characteristics of the model proposed when it is used
on the UAV swarm. Simulation results show that the paired interaction model can ensure the consistency of the
UAYV swarm. The communication load of the UAVs can be reduced by less average number of neighbors in
UAV interaction. The UAV swarm has higher stimulation accuracy if the paired UAV is taken as the informa-
tion individual when facing external stimuli.

Keywords: paired interaction in jackdaws; Unmanned Aerial Vehicle (UAV) ; swarm control; commu-

nication load; stimulation accuracy
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An analytical predictor-corrector guidance method designed for
spacecraft reentry with short range
ZHOU Liang, ZHANG Hongho*

(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: For the manned lunar return spacecraft reentry problem, an analytical predictor-corrector guid-
ance method for short range reentry is proposed. Firstly, the concept of glide reentryis introduced, which has
been studied in the trajectory design of high lift-to-drag ratio vehicle. In order to pre-design the reentry trajec-
tory,a trajectory parameter is chosen to describe the analytic trajectory form ,and then the analytical formula to
predict the range-to-go is derived. The false position method is used to modify the trajectory parameter and
finally converts to the command bank angle, eventually satisfying the terminal precision requirements. The pro-
posed analytical method succeeds in achieving spacecraft reentry with a mission range of 2100 km in 400 — 450
seconds. During the entire reentry phase, the loads are under a level of 6.5g,, which is beneficial to manned
spacecraft emergency return situation. Simulation has proved that this method has relatively high accuracy and
robustness.

Keywords; lunar spacecraft; glide reentry; emergency return; analytical predictor-corrector; short range
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Table 1 UH and target information

fRL8E EA

i s — x/km  y/km HFr  x/km y/km
UH1 0 30 — T1 1 050 1 020
7 800 UH2 30 0 — T2 1 020 1 050
UH3 0 0 — T3 1 050 1 050

®2 HBBHIRE

Table 2 Threat parameter setting

S 2 5 B3l (x,y)/km
1 "% (140,140)
2 2 (240,180)
3 ik (310,270)
4 4% (350,480)
5 bR i (500,480)
6 b 75 T (600,680)
7 Wik (710,770)

B4 oK i R A

Fig.4 Horizontal trajectory planning
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Fig.5 3D space trajectory planning
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KNETHHL SEBRFIERE/s 542 FA I E 22 (EH /s
UHI1 7784.6 -16.4
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UH3 7769.47 -30.53
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Fig. 6 Performance comparison of search algorithms
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Trajectory planning of unmanned helicopter formation based on
improved artificial fish swarm algorithm
MA Ziyuan, GONG Huajun”, WANG Xinhua

(College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 211100, China)

Abstract: To solve formation path planning problem of the Unmanned Helicopter (UH) , a path planning
algorithm is proposed based on improved Artificial Fish Swarm Algorithm ( AFSA). An adaptive vision model
of artificial fish for artificial fish swarm algorithm was put forward from two aspects of neighborhood learning
and algorithm characteristics. The evolutionary strategy of fish swarm was improved on the basis of asexual re-
production. The trajectory planning model of unmanned helicopter formation was established from three aspects
of planning principle, cost function and constraint conditions. The coding method and clustering strategy were
improved in order to solve low searching efficiency and poor accuracy problems in route planning. An example
of three-aircraft formation path planning was used to verify the proposed method. Simulation results indicate
that, through the improvement of AFSA | the establishment of trajectory planning model and other measures,
good unmanned helicopter formation path planning can be achieved, and meanwhile the search efficiency,
convergence velocity and solution accuracy are improved significantly.

Keywords: Artificial Fish Swarm Algorithm ( AFSA); Unmanned Helicopter (UH) ; formation; trajec-

tory planning; clustering strategy
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Fig.1 Longitudinal force analysis diagram of UAV
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Fig.2 Nominal curves of state variables
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Fig.3 Nominal curves of thrust and rudder angle
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Trajectory tracking control and optimal computation of attraction
domain for aircraft in perching maneuvers

WANG Wutian, HE Zhen” , YUE Cheng

( College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract: For the longitudinal movement of fixed-wing aircraft in perching maneuvers, the perching traj-

ectory control design and the optimization method of attraction domains are investigated. First, according to the

perching dynamics model and the constraints of states during the perching, the nominal trajectory was genera-

ted by using the general pseudo-spectral method. Then, based on this, a piecewise linear trajectory tracking

control law was designed. Based on the Sum-of-Squares (SOS) method, the attraction domain of the trajectory

control system is calculated to ensure that the UAV in the attraction domain can ultimately perch in the target

area. Finally, the iterative computation algorithm of the attraction domain is further improved to expand the

scope of the attraction domain. The simulation results verify the effectiveness of the trajectory tracking control

law of the perching maneuver, and show that the attraction domain is enlarged by using the proposed computa-

tion algorithm of attraction domain.

Keywords: trajectory tracking control; general pseudo-spectral method; attraction domain; perching

maneuvers; Sum-of-Squares ( SOS) method
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Swarm rounding up method of UAV based on situation cognition
WU Zichen, HU Bin~

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

Abstract: UAV swarm rounding up is an important mission mode of intelligent UAV swarm operation.
Most of the existing swarm rounding up methods are based on the known environment, and the strategy often
fails in the face of unknown mission environment. To solve this problem, a developmental model based on situ-
ation cognition is proposed in this paper to explore a better adaptive method of rounding up. First, the swarm
rounding up behavior is decomposed and the rounding up is discretized. Then, based on the Deep Q-Network
(DQN), a method of generating the rounding up strategy is designed. Finally, the state-strategy knowledge
base is established, and through the training of a large amount of effective data, different strategies are ob-
tained according to different environments to develop the knowledge base. The simulation results show that the
proposed developmental model based on situation cognition can effectively adapt to different environments and
complete the rounding up in different environments.

Keywords: UAV; swarm rounding up; situation cognition; Deep Q-Network ( DQN) ; autonomous de-

velopment
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