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Abstract: To meet the computational requirements of safe airspace and the expected landing point in the recovery mission of the reentry
capsule, a fast prediction algorithm of the flight pipeline based on the Koopman operator approach was proposed for the reentry capsule and the
determination process for safe flight airspace of search and rescue helicopters was provided. The body-parachute dynamic model was constructed. A
group of discrete state points was uniformly selected from the random state space by using the Halton sampling method, and the multiple possible
trajectory was calculated. Based on the back pulling mechanism of Koopman operator, the initial probability density value was associated with the
current state to obtain the flight pipeline and desired trajectory of the reentry capsule and its separation parts under uncertain conditions. The
simulation results show that the fast prediction algorithm of the flight pipeline based on the Koopman operator approach is significantly better than
the Monte Carlo method in terms of convergence speed and accuracy. After using the flight pipeline calculation results to plan the flight route of the
rescue helicopter, the collision risk is reduced by 54% at most and the corresponding search time is reduced by 70% . The proposed algorithm has
been successfully applied to the Chang’e —5 recovery mission.
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Tab.2 Uncertain parameters and range of recovery system

BEHLZ %L B
IR [E] s o [ -6.5 kg, 6.5 kg]
Kot D= BH. ) R B R AR Ak [ -10%, 10% ]
T4 e S [ =500 m, 500 m]
FFAp: g [ =20 m/s, 20 m/s]
TH e 1 {1 £ [ -2°,2°]
THApx 1 Al 11 [ -20°, 20°]
RH AR XS AR AL [ -20% , 20% ]
K] AR AR Ak [ -=20% , 20% |
KA BEAXTAE A, [ -=20% , 20% |

NI SRAE Ty A5 B 0 7 L T Ak 1) AT I 2
A S Fras, Horp HS J5 A MC J7 gk i R AR
e oy 10 J7 %, OD J5 vk R b o OE 32 3R
Ly, (2" ) AT RAE, B S g SR nl |, HS J7 k45
P REEF R BT MC 5k 2R TR 45
R, IEZ B RAER B0 i KRR LK T HS
TR B A T AR A 22 0 AR B A I A8
Wit E 77 28 (optimized plan of orthogonal design,
OPOD ) {48 18 42 SO A 14 Ko T8 X 1E 58K
TR AR AT 22 0 R B /AT I
T RAIBENLZRIBME T %8, 07 58403 3 s,
W, BRI AT A, V, s KGE RN, 727K
B2 R 7 Z8 b, 2% [n] 45 B S0 e 3 3
BRI/ IMEL , A PR 3R U R, 31X 5 [ <
R R B P R M e — B < 3R [R5 5 B f /), )
PR SIS KGN 28 U8 B2 RO, RE RS A 1] 5
IR B R KRR B

6
OPOD
-~ 0D
E HS
~ 4
$ ‘~_§§- MC
in 3
22 \
1 E
\\_
00 2 4 6 8 10

i/ km

KIS OREDr gt R R AT E AR
Fig.5 Fight pipeline radius calculated by different methods
R GE R ] g8 AT I TR R A B A
R, T ER I A A 5 SR R
FRAE—E R T o X B HS J5 kM MC J7 1%
TR SR [ AR AR WS A, TN TET 6 BT,

®3 EXREAMBIHNEEREEIRANAER
Tab.3 Scheme with the largest deviation from the expected

landing point obtained by orthogonal test analysis

S K- S 7K
r 2 m 1
9 2 c, 2
2 p 2
1 ¥, 2
2 V., 2
v 2
8950
sooof T _|
£ N /\_,,v'-"'-_' ~~~~~~~
B ocgsoHt Vg v ona” —Hs
) Ny 7 i ——=MC
= iy
8800
p ]
= I
& s70f
Iz |
#8700 1
I
8 650 1 1 1 1
0 500 1000 1500 2000 2500

P 6 i Al b B BB RAE RO N i M St 2%
Fig.6 Convergence curve of the expected landing point

coordinate with increasing of sampling times
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Tab.4  Flight pipeline radius and safe time of the reentry
capsule under different heights

h/km R/km T/s
0 5.89 666.9
1 5.56 575.8
2 5.24 488.7
3 5.01 405.7
4 4.79 327.2
5 4.47 252.8
6 4.03 182.4
7 3.38 115.8
8 2.20 52.7
9 1.09 14.5

:
3
=)
b
Q:
]ﬂ
0 .
0 2 4 6 8 9
i/ km
(a) AT
(a) Flight pipeline radius
1250 P,
. — B
™ ——— iR
1000 - .
S, emeees 5L
fing ~,
Z 750k
= ik, O .
# i ~
500 - St
\\\ .
Nas e
250 \\\\ ~~~~~
g Py
~ \\\~~~
0 L 1 1 1
0 2 4 6 8 9
i/ km

(b) ZZ4xif(a]
(b) Safe time
P8 AT T B RA AT I AR 5 22 A ]
Fig.8 Flight pipeline radius and safe time under
different heights
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Fig. 10  Risk index and expected search time corresponding to
the departure point in different directions of the

expected landing point
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