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Abstract: For the transferring and planning problem on a noncoplanar non-circular orbit in rendezvous
and docking of three-dimensional space, an optimization algorithm for transfer orbit of energy optimi-
zation of multiple-pulse noncoplanar rendezvous and docking was proposed based on Particle Swarm
Optimization(PSO). The two-body correlation dynamic equation and pulse orbit theory were used to
construct the optimization model for multiple-pulse noncoplanar rendezvous and docking in space.
Then, Lambert algorithm was introduce to handle terminal constraint condition and to decrease the
number of unknown variables, so as to simplify the problem. Furthermore, the function time, direc-
tion and size of a pulse were designed into variables to be optimized, the energy consumed and the ter-
minal constraint condition during rendezvous and docking were set as the objective function and the
transfer orbit that saves the flue was optimized by the PSO. Finally, a simulation test was carried out

on the four-pulse rendezvous and docking problem in MATILAB and the simulation results were com-
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pared with that of double-pulse rendezvous and docking based on the Lambert algorithm under the

same initial condition. The results show that speed increments needed in four-pulse rendezvous and

docking with the PSO is 4. 4243 km/s, while that in double-pulse rendezvous and docking with Lam-

bert algorithm is 11. 2691 km/s. By comparison, the former has saved the energy by 60%. In conclu-

sion, the scheme designed effectively saves the fuel consumption, which verifies the effectiveness of

the method designed.

Key words: rendezvous and docking; noncoplanar orbits; multiple -impulse transfer; particle swarm

optimization; trajectory optimization
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Fig.1 Schematic diagram of multi-pulse transfer
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i E#E BT HAr ©AT#8
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BUB MR /) 30 55
FH3EmidR g Q/ () 45 55
b RIE AR @/ () 20 70
Eup ;=Y N R 10 10
x2 GRATEETNTFHEIRUNER

Tab. 2 Variables optimized by PSO

swarm optimization algorithm

Pk Avkmes ' v/ () o/ (%) /s
1 0. 3844 92.73 136. 76 3292
2 1. 5086 77.35 197. 80 7667.9
3 0. 7568 161. 08 354.70 10845
4 1. 7744 121. 36 63. 32 16170

2 PSO AL 2N b R 2R /M -

4
J = D> Av = 4.424 3 km/s.
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Tab. 3 Positions and velocities of tracking spacecraft at different time points during four- impulse rendezvous

fit %) LB K i MU HR BE R i MR RER R R
t/s r/km v /kmes ! v /kmes ! Aykmes !
lo [3.4903,6.5583,1.2525] * 10° [—6.2026,2.6062,3.5962] —

h
2]
I3

L

[—6.5280,—6.4013, 0.0518] * 10°
[—1.4111,5. 7412, 3.1611] * 10°
[—1.2943,—1.0658, 0.0856] * 10"
[—0.7072,—2.3891, —1.1297] * 10

[3.6243,—4.0708, —3.1415]
[—7.5765,—1.9620, 2.4772]
[—0.1838,—4.3969, —1.8745]
[1.8885,—0.9804, —1.7760]

[3.3446,—3.8078, —3.1599] [—0.2797,0. 2630, —0.0183]
[—8.9780,—2.4119, 2.8077] [—1.4015,—0. 4498, 0. 3305]
[—0.4282,—4.3742, —2.5904] [ —0.2443,0.0227, —0.7159]
[2.5689,0.3735, —2.6994] [0.6804,1.3539, —0.9234]
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Tab. 4 Positions and velocities of target spacecraft at different time points during

four-impulse rendezvous

i % h

2]

t3 ty

fr g R v/ (km)

AR v/ (km/s)  [—1.9966,—3.4971, —0.5289]

[—1.4296,0.4377, 2.0310] 10"

[—1.9175,—1.0760, 1.3618] % 10" [—1.7557,—1.9224, 0.4791] % 10" [—0.7072,—2. 3891, —1.1297] 10"
[—0.1703,—3.1586,—2. 3881] [1.1542,—2. 0815, —3.0554] [2.5689,0. 3735, —2.6994]
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Tab. 5 Positions and velocities of track spacecraft at different time points during LLambert two- impulse rendezvous

I % (DATES ST O SR O BN
s r/km v /kmes ! v /kmes ! Av/kme s !
ty  [3.4903,6.5583,1. 2525 * 10° [—6.2026,2. 6062,3. 5962 ] — —
4 [—6.5280,—6.4013, 0.0518] * 10° [3.6243,—4.0708, —3.1415] [—3.7741,—6.6235, —1.9269] [—7.3984,—2.5526, 1.2146]
ty [—0.7072,—2.3891, —1.1297]* 10" [1.2387,1.4868, 0.1724] [2.5689,0. 3735, —2.6994] [1.3302,—1. 1133, —2.8717]

F 6 Lambert Wk M TS ERVITHRESHEA S LWL ENEE

Tab. 6 Positions and velocities of target spacecraft at different time points during Lambert two-impulse rendezvous

i 1 to t ty

8 & (km) [—0.6118,1.4791, 1.92737 % 10" [ —1.4296,0.4377,2.0310] * 10° [ —0.7072,—2. 3891, —1.1297] * 10"

R okm/s) [—2.8614,—2.6826,1.1500] [—1.9966,—3.4971, —0.5289] [2.5689,0. 3735, —2.6994 ]

R7 HFEMLS Lambert TS RELR

Tab. 7 Comparison of optimal solutions obtained by PSO and Lambert

MR/ km e 57! A Av, Av Avw, D
i=1
UL QUIBEAP O 0.384 4 1.508 6 0.756 8 1.774 4 4,424 3
Lambert BBk 32 £ 7.9155 3.353 6 - — 11.269 1
4.2 EfHl2 AR, B9 A HbRREUE T MBI IR

IR ZE R CAT S A H AR RATAR AU BB gone e pypioas o B2 L 7T DL B BB R G2 AT 0 R M
BN 8 AW R A 00 =0 5000 =260 so b mpgaR, [ 10,18 11 4RI Tt R R
=12 300 s, & 9 POIH TR TR pp o v i 2 0 0 s B B ) (0 2 ko L TR 12 48

PR A R B2 R T DU SRR T RES00E iy 7SR ) PSO 0k O A 9 10 Kk e 56 2 4 2 3

HYFOEACR . 3R 10,38 1L JRMIAR I T30 ER ATy oy AT L7 444368 B T A2 R L2 280 b 58
A EH bR AT R AR A K P E I 2R IR R LREME S,
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Tab. 8 Orbit elements of tracking spacecraft | T
and target spacecraft ol
B3 % 3B AT FbR 6728 : ol
=L
iy
KKl a/km 7 623.6 27 611.5 iz 61\/
Bl e 0.2 o1 ghesndnmn e aeiahanad
B i/ () 40 55 c I A A G |
FhAE A2 Q) 30 60 2 000 6 000 e 10 000 14 000
MR A o/ (D 50 85
10 I fok e X 42 v o VAT A R R 2 1Y AR Ak R
3 b S B2 /s 20 10

Fig. 10 The variation of the velocity difference be-
tween tracking spacecraft the target space-
x99 FHRATEEIHNFHEZTAUNER craft
Tab. 9 Variables optimized by PSO optimization algorithm

Fkw Avkmes 't v/ o/ /s 5.X10!
1 1.016 6 71. 64 360. 00 260
2 0.913 3 71.41 113.83 3871. 4
3 4.621 2 33.15 284.27 5845.0 %
4 2.200 2 136. 42 249. 37 12300

07000 8000 12 000
tls

22 PSO PL A5 20 HY AR pR R /IME

4
J =D Av =8.751 3 km/s.

11 VY ik hosed 42 op R AT % BE 5 1Y 8 Al ol 2

Fig. 11  Variation of the distance between tracking

spacecraft and target spacecraft
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Fig. 9  Objective evolution as a function of iteration w10t
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Fig. 12 Optimal four-impulse rendezvous trajectory
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Tab. 10  Positions and velocities of tracking spacecraft at different time points during four- impulse rendezvous

It Z| (DA LR R A SR R A R B
s r/km v /kmes ! v /kmes ! Av/km e+ s7!
t  [1.7661, 5.0502, 2.9289] * 10° [—7.9963, 0.5621, 3.7633] _ _
n [—0.3758, 4.8977, 3.7167] % 10° [—8.3165, —1.7119, 2.2451]  [—7.3516, —1.7119, 2.5653]  [0. 9649, 0.0000, 0. 3202
> [5.1262, 1.6455, —1.4638] * 10° [—0.5062, 6. 9869, 5. 2868] [—0.8559, 7. 7788, 5.5780] [—0. 3498, 0.7918, 0.2912]
ts [—5.9665, 3.7970, 5.4868] % 10° [—4.9142,—3.7920, —0.0634] [—4 2911,—6.2409, 3.8057]  [0.6230, —2. 4489, 3.8691]

ty [—0.5766, —2.7185, 0.4820] % 10" [1.3922, —2.7197, —1.3089]  [1.9266, —1.3002, —2.9028] [0.5344, 1.4196, —1.5939]

F 11 Mk S A B R CT R 7E & B S B B R

Tab. 11 Positions and velocities of target spacecraft at different time points during four -impulse rendezvous

i Zl il 15} 13 Ly

fiE K& (km)  [—1.1570, 1,259, 1.8029] * 10" [—1.4622, —0.1747, 2.0585] * 10* [—1.4346, —0., 9670, 1.9206]  10* [—0.5766, —2. 7185, 0,4820] * 10*
WERE okm/s)  [—1.4461,—3,6001, 1.6093]  [—0.2085, —4.119%, —0.2162]  [0.4789, —3,8507, —1.1607] [1.9266, —1.3002, —2.9028]

[FURE AR ) PSO AL DU Bk ol S5 1 4 0 wig
U 58 2o B2 )L L X5 2% SOk 20 v B i 3 I o ot | e
BRI T 35 T Lambert 54 i 0Lk v 4% 45 )7 |
AR 48 R XS — AT O L IE . R

12 Jod 13 401 T 0 ad B P E B AT 8L H AR K =T N
TR 40 6 20 1 B R L B 13 % T N b
T P B AR R E AT BLIE L IR 1 |

I3 PSO I fh 7 16 55 5 15 57 JH k0 15 19350 00 25 3 - o
HETT TR HL B T PSO B R ALt 32 14 % x10! km g
WTER 2 TR g R, B 13 Lambert XUk 58 25 % i

Fig. 13 Lambert two-impulse rendezvous trajectory

F 12 Lambert WM XS hBERE ITRESHE S LHMCENEE

Tab. 12 Positions and velocities of tracking spacecraft at different time points during Lambert two- impulse rendezvous

I % DA ST B R MUK R R A R
t/s r/km vy /kmes ! v /kmes ! Av/km e+ s !
o [1.7661, 5.0502, 2.9289] * 10° [—7.9963, 0.5621, 3.7633] — —
4 [—0.3758, 4.8977, 3.7167] * 10° [—8.3165, —1.7119, 2.2451]  [—3.2924,— —2.4169, 9.4385] [5.0241, —0.7049, 7.1933]

tr [—0.5766, —2.7185, 0.4820]* 10" (0. 6448, 0.0860, —2.0461] [1.9266, —1.3002, —2.9028] [1.2818, —1.3861, —0.8567]

F 13 Lambert Wk XS P AR VITHRESHE S LN EMEE

Tab. 13 Positions and velocities of target spacecraft at different time points during Lambert two- impulse rendezvous

s %) to t ty
P ERE r/km [—1.1184, 1.3524, 1.7594]* 10" [—1.1570, 1.2599, 1.8029] * 10' [—0.5766, —2.7185, 0.4820] * 10*
WA v
/(km e+ s™")

[—1.5229, —3.5119, 1.7296] [—1.4461, —3.6001, 1.6093] [1.9266, —1.3002, —2.9028]
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Tab. 14 Comparison of optimal solutions obtained by PSO and Lambert

4
M E /km e s ! Av Av, Avs Av, Z v,
i=1
UL QU O P 1.0166 0.9133 41,6212 2.2002 8.7513
Lambert 3 ik w52 23 8. 8024 2.0732 - — 10. 8756

WAL DA X L g5 R v LU AR A R 46 4%
PF TR Lambert XUk 28 25 o 72 v B 75 18 BF
B O A O DR o AR T I RE AR 2 I
b T LR U VK A R, SR BR A T B A Y
I 4 g R 728 300 T 5 B 100 il 722 ) B R R X
KPR B, — AR MW TR ZER . MR
Hb L 28 PSO AR I U ik b 58 2% %6 422 3 i v 3 Uk ik
PRVE T S 3R G8 5 s 3 A0 0 e 1R o B L5 2
BN A T AR B2 SR, T LA a B T R Y
W/

Bt Xk = 2 5 ) Sk 1 22 fok o A8 2 3 0 AR PR
B AT AR B I AR AR T T —FPR T PSO B9
2 ok oh S 10 58 e RHE R R LB AL T ik . IRIE 2
ik wh a2 2x Xk He v H AR AT A S IB ERRAT AR R BRI
FruaE AL TR B0 8 B R AT A4 B9 5% A2 BE fL 1k
IR] L N7 T 22 Jik e S T 58 2 0 HE AR R L 0B
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