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Figure 1 Operation system composition diagram.
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Figure 3 The state space model of the operation system.

914




PEBE BB 2021 4 51 % 8

B QMG () AT LA

X (1) = (A= BLZC)X ()

+d X BpZ(C oy — R, A WX, (E—7)

+d x ByZyAE —B;G (1), (4)
X(1) = AyX 1)

—-dxBy(Z\,Cy+DX (t—7)

+d x AE — B R X (1)

By (1), (5)
TR H N A E I, po ()7 R Gl s sz 1R
&, W R R AR E
X (t—7) =X (1) — X (1), (6)
Xd(1) = (A= BpZiCX,(1)

+d % BZoy(C o — R A WX (1) — 7X (1))

+d x ByZy\AE — B ;G (1)

= (A~ BpZCpX(?)

+d X BpZy(Cy — R A WX, (1)

—d xByZytX (1)

+d x ByZ AE — B G (1), (7)
X, (1) = A X, (1)

~d % B\(ZyC oy + DX (1) — X (1)

+d X AE — B[R X (*) + By, (?)

= [Ay—d*By(ZyCy +D]1X,(?)
-B,R X,(1)
X (1) +d x AE+ B (). (8)
KDM@ LLRIR N

X (1)
X.(0)

X (1)
X,(1)

Q, 0 ]G] [H,
0 Q22
A,

Bo(0)| |H,
P =EA;-BZ.Cy),
P, =E[d*BZ\(Cy—R,A\]
P, =-MB,R,
P, =M[A\ —d*B(Z\Cy*D],
Q, =-EBy,
Q,, =MB,,
H,=E(d*xBZ,),
H,=Md.

_ (P Pp
Py Py

]AE, )

(10)

A, E={+dxtxByZy) ', M=(1-7)", AJLLFEH
TR Ty PEBhd LA S TR AR S5 AT H 455 5 3t T B0k
BEARIN B Z 18] 1) 22 ARSI, A KA B0 VIR RS e 428 il A
5 TR A 2 i B i s ) 1 OC RO B . R
AL RGN e B, AEEMEEhE RGEEMRITH)
AT AT LA N — AN RS RGN — NG S)
BRGMBBAE". it 5oy Bk ab s, If
ARV ST RS TS5 By X, JAT TR (9) I Bl
M5 N
X (1) = P X (1) + P,X (1) + QG (1),
X(1) = Py X (0) + PpX (1) + Qoo (1),
X(0) = FX(0) = KX (0 +7,
X,,(0) = HX,(0) = LX) + ¥,

(11

A% R b, B AR5 B N(L g, ),
Nz, 0, M, T4 = E(@)FIT = E(o)E R T G
5, AEXE RS0 (1)l R 4 B A
J7UE, W B LA e R MG T A £ R BB
|z//%[19]-

SR, (BT bV A e 4
B, A A I SUURAS X 2R A2 e TSR
R G 4 1 B 0D A 5 A R AT R IR
5, LU P 20RO SRR
Yo S A TRASIRE 10 1 e, SR 4 )25
77 RSB S5 B R 0 4 e b A, TG 7T
6t 65, T DRI AE 24 e BRSBTS U
H 1,

4 FEPAREIW I R B
KA R RIS CSH R A W
cs = {slm,[cp, LM|G., Es}, (12)

A, SRAEEE R ) IR CSOATRRIRIRE ERS,y, &5
FURSTIES, N SR B R G H ARG, 1],
Horp ] B i Gy iE LT RFE H AR E AR, THLE
Tz R R AR S B
RGBEAn DA E B R (n<20), HoE X
LORB LG RN NSa, SatP AR Z A BA
XPFRARELAE. B fERBEES AN A B AN BE 2053 5l 2 Sa

915



ERBEE A HERHEE R R 407 Rt 558

Saj, W *H(Sa,) = Sa,/1H {(Sa;) = Sa, H(*)'5H (91
IS AR .

Rl R B A A R, R H] RIS CS— &
IS, € Sa[LES € Sa, B DL sok A Jo H0 )
FIRTUNL AR, S, ~ ESH %Ay
PEIR S, G R 75 B 2 AT, T IT K s
R

25 il 3R W& CS 75 2F — 25 23 i W Wl A B 22 A 42 1)
JF#IRI: €S = (CP,CP,,...,CP,...,CP,), TiH A
FHIRRUWTT:

CP,= {spi,api,eapi}, (13)

A, s, 38 ORI FFIRAT IIAIIRIRE, a9izdishil
FHNPAT BIIREN 735, e, I 7 F1 AT 58 B 1 1
HPIRAS. U)W RR N

CS = (CP,CP,,...,CP, ..,CP,)

S a e S a e
{ pPppy ”171}’{ Py’ Py ”pz}’ ’

= . (14
{sp‘_,ap‘_,eapi},..., {Spn’apn’e”pn}

o 43 ) S s CS SR = XUR SV AT 48 2R A A,
(A (14) 5 SRR PSR 7 BUCP e, TG
5CP,, ils, JEEWfLe, =s, . HHCP L
s, © Sy, CP,[ITTRe, CES.

PAT TS P FICP I, CPXf R AR R S
PRI, HALFE RN
J, = {C, ExeRs, SatCon, Overtime} . (15)

ARSI AFEERIFE A C, PATIRAE LI ExeRs,
45 S AT 5 PR S IE A 451 SatCon,  FITHE
i Overtimefs J2.. & T 2471 75 B E 32 H4E 4 C,
LN IR AT LS = ExeRsiN AT % & H AT, %
Hl484ACR MG, FHIEOvertime I 7] Bt N i /2
S = SatCon, 75 RIAE 55 4 45 X RAAT Z 4= 645 4 C
=2 T 2

e SR KPIAT B S BTG T FICP AL, 3R T
Xof N (B A SCART, $R T 4 iR A-C, WAt
A% H AR ) S BTRASS, i 2S = ExeRshY
) 4 47 H AR R i FE A C, FFRret B gidE B

916

PRAEHUIRZASS, 5 7E 2 J5 1 Overtimeld] Bt N A5 I 21
S = SatCon, HJiANIZCP R IHPAT 4 LEHATCP,,, &
AAG I 2135 S = SatCon[FRAS BIA A #i#5 H Frisbh
RENETARPRASZER, 55 G OREE ST 6] 7 513k
TR ARG K B EFMEIHE, Rl
MRHE MRS, R = X RE 2R 208 2 1 7

o, = {s, ., e, |iHs, =SHe, =s, . JFf

Py’ Py Pr
AN B AR A HPRES AT CP 2K F 81, AT 58
PG WL B H AR BLHORESS =5, I 4k 20 AT
CP, =P H. 4% R4 LA BRI AR IR BAT 58 R
FEBRTESRIGCS o, MK Tl X 5 2k 22 T2 B (1R 4%
SRIECSTRATLE RGHAT, LALIEFR I 58 OB R A
BHRALSS.

5 AEEIE KA

N T IR R RIS ROk, A TH
SRAFEAL L B 0 0k 5 WUOR 28 TR, JF T i % 1
IOUEIRES. BT A ECRAEM TAERER =, X H
BRCR A B 2 4% R ARSI LA T TR 5
P42 0 H BRRAFE H TR IS,

JE I L4 T ASEALL 1) BRCRAYE Hh T 3R AT M BB AR
MR, Frfg et ISR,

TEZE DU IA T, 8 T R T AR
FEPAN T AR AT T R SRR e, DU ie
RO R W IE R VAT S, KA El6E A
THCRAE B E 2 AT B, B 7 AT SRR 3G I AR B s
ITENIE.

M 60 7 H AT LU TR RAE LA JE T i A2
A TH] SR A AR 5 1 THT SR 36 UE AR I8 AT ) L3 i 2 2
HTMRE, MIERFESRE BT R I f 22
5, RO SRS B R YOR ST T B R
¥, WA BT gs 7 —efikzE. EEs
S AL, PiE PR GERRE T P HEARmEW
—FM IR R, BHX-Y KT P, 2776 NEE
FX-Y 7 1A 1 L.

HiTHCR AR SR A 2E B 5 H THRAE B2 B AE10
MM S EREARE N — SR ZEA KT mm.

ERRG R, 2020912 H2 H 184743 22020



PEBE BB 2021 4 51 % 8

B4 (W02 RsOR ) REAUL A TR A ST

Figure 4 (Color online) Simulated lunar surface sampling terrain.
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Figure 5 (Color online) The twin copy of the lunar sampling terrain.
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Figure 6 Motion trajectory of lunar surface sampling module. (a) Sampling mechanism deployment process; (b) the lunar surface sampling process.
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Figure 7 Motion trajectory of ground sampling verification module. (a) Sampling mechanism deployment process; (b) the lunar surface sampling
process.

R HECRAERUERLE 5 TR ] R 2 (AL m)

Table 1 Control points error of ground sampling verification module and lunar sampling module (unit: m)

. b THT SR 36 E 2% B JI TR (i)
X Y z X Y z
i 1 0.1994 —0.2746 0.1025 0.1994 —0.2746 0.1019
il 2 0.1678 -0.2755 0.4412 0.1695 —0.2746 0.4405
Ml A3 —0.1984 —0.2545 0.4412 —0.1989 —0.2542 0.4405
51| 14 -0.3620 0.1916 0.3310 —-0.3615 0.1907 0.3310
25 il 115 0.3388 —1.7330 1.7720 0.3386 —1.7345 1.7706
i =6 —-0.2751 -1.9390 -0.9005 -0.2753 -1.9390 -0.9008
Pl 7 -0.2751 —1.9400 —1.4000 —0.2750 —1.9400 —1.4000
25 il 118 —0.2751 —1.9410 —1.9430 —-0.2750 —-1.9410 —~1.9490
P 9 -0.2751 —-1.9410 —1.4340 —-0.2750 —-1.9410 —1.4390
il 2510 —-0.2751 —1.9430 -0.9337 —-0.2750 —1.9410 —-0.9397
R 0.0017 0.002 0.006 R ZE: 0.006549

2 ORBEESRAT S5HAT I 0] UL e B A2 Al ] R 22 (AL m)

Table 2 Control points error of bilateral module device during sampling and packaging task execution (unit: m)

el HbTHI SRR B0 2% B R E (H )
X Y z X Y z
25 il 1 0.6749 —0.348 0.9993 0.675 -0.348 -0.999
PRl 2 0.6751 —0.348 0.5996 0.675 —0.348 0.600
51 13 0.6824 —0.3463 0.4475 0.682 —0.345 0.446
P 4 0.6817 —0.3463 0.6469 0.682 —0.345 0.645
RZE 0.0004 0.0013 0.0019 R AR ZE: 0.002337
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Figure 8 Comparison of telemetry of motion trajectory of bilateral module device during the execution of sampling and packaging task. (a) Sampling

mechanism deployment process; (b) the lunar surface sampling process.
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Design and implementation of an operation system for lunar surface
soil sampling & encapsulation

JIN ShengYi, DENG XianglJin, ZHENG YanHong, YAO Meng, ZHAO ZhiHui & SU RuoXi

Beijing Institute of Spacecraft System Engineering, Beijing 100094, China

To ensure the successful completion of the unmanned sampling and encapsulation mission of the Chang’e-5 lunar explorer, it is
necessary to operate the complex mechanism and equipment on the spacecraft to complete the lunar soil sampling and encapsulation
in the uncertain environment within a limited time. To solve this problem, this paper designed a “near verification-remote control”
bilaterally integrated operation system; the state-space model was established, which deduces and analyzes the influence factors of the
model state transition, and it proposed the autonomous control design based on states drive. Finally, through special verification tests,
the correctness and effectiveness of the operating system design were demonstrated. Under the support of this operation system, the
Chang’e-5 explorer completed the first unmanned lunar sampling and encapsulation mission in China.
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