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On Finite-thrust Spacecraft Orbital Maneuver
Optimal Control

Xincheng Yue (Mechanical System and Control)
Directed by Professor Lin Huang and Associate Professor Ying Yang

An important problem in astronautics is to transfer a satellite between elliptic or-
bits, which has been widely studied by many researchers in both the impulsive case and
the continuous low-thrust case. Recently, much attention has been focused on the com-
putation of the optimal control law for the case of the finite-thrust orbital transfer, which
can be performed by minimizing the cost of the final time or the fuel-consumption un-
der some additional constraints. The finite-thrust trajectory optimization methods fall
mainly into three categories: indirect methods, direct methods and hybrid methods. In
this dissertation, the finite-thrust optimal orbital maneuver problems are studied by us-
ing the indirect method, and the trajectory optimization problems are deduced into the

two-point boundary-value problem by the Maximum Principle.
The main contributions of this dissertation can be summarized as follows:

1.The finite-thrust time-optimal orbital intercept problem is studied firstly. The
dynamics of the spacecraft is described by the so-called Keplerian equation using the
position-speed variables in the Cartesian coordinate and in the orbital coordinate at-
tached to the spacecraft. The optimal control laws are designed by the the Pontryagin
Maximum Principle, and the singularity is also analyzed, then the trajectory optimiza-
tion problem is converted into a two-point boundary-value problem. Two special ex-
amples are studied in numerical simulations, and the results show that the product of
the minimum flight time and the maximal thrust is approximately a constant in these

three cases of orbital maneuver.

2.The problems of indirect optimization of continuous finite-thrust minimum-time
orbital maneuvers including the transfer, interception and rendezvous are studied. In
virtue of the Pontryagin Maximum Principle, the trajectory optimization problem is
converted into a two-point boundary-value problem, and the terminal constraints for
these three orbital maneuver missions are also considered respectively. The single
shooting method is used to solve the corresponding boundary-value problem, and the

simulating results show that the product of the minimum flight time and the maximal
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thrust is approximately a constant in these three cases of orbital maneuver.

3.The continuous finite-thrust near minimum cumulative longitude orbital trans-
fer problem using the indirect method is addressed. The movement of the satellite is
described by the Gauss equation using the modified equinoctial elements and replacing
the time as a system independent variable by the cumulative longitude. The Maximum
Principle is adapted to design the optimal control in order to minimize the final cumu-
lative longitude, and a two-point-boundary-value problem is derived from the orbital
transfer problem. The single shooting method is applied in the numerical experiment,
and the results of simulations demonstrate that the orbital transfer mission is achieved
and the product of the maximal thrust and the minimum cumulative longitude is nearly

a constant.

4.The problems of optimal continuous-thrust orbital transfer for minimizing en-
ergy, fuel and energy-fuel combination are studied by using indirect method. The fuel
optimal orbital transfer problem is hard to solve because of the possible existence of
the singularities in solution, but the minimum energy problem is relatively easy to deal
with, so the e-algorithm is applied to the fuel optimal problem by adding the energy
term in the preference index. The trajectory optimization problem is converted into a
two-point-boundary-value problem, and the shooting method is used to dispose to the
problem in numerical computation. The results of the simulations demonstrate that the
optimal trajectories are almost alike for the three optimal cases under the same thrust

and transfer time.

5.The nonlinear programming method is used to study the continuous-thrust
minimum-time and minimum-fuel-consumption orbital avoidance. The dynamics of
the spacecraft is described by the modified elements. For the given intermediate park-
ing orbit, the orbital avoidance mission is divided into transfer and round-trip phases.
Considering the minimum-time or minimum-fuel-consumption performance, the opti-
mal orbital avoidance problem is established. Furthermore, the nonlinear programming
method is applied to the two phase orbital transfer problems. The results of simula-
tion demonstrate that the minimum time/fuel-consumption orbital avoidance mission is
well accomplished. The simulating results also show that the spacecraft flies around
the earth with the maximum magnitude of the thrust at whole time history both for the

minimum-time and minimum-fuel-consumption cases.

Key Words: Finite-thrust Spacecraft; Orbital Maneuver; Orbital Avoidance;Indirect
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Method; the Maximum Principle; Two-point boundary-value Problem; Shooting
Method
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R 3L Be nt, IR I T IS TR AR B R % (7R, 179], R A% S0k R 2750 RN
AL IR, LR I B2 B 17 A4 i) H bR, PRIz SE Bl FIEARE
AERRAT I B o5 e MAEZ e O0 R, B4 A7 3 28 6 (R A ] LUK 56 L 0 A
HEZ ARG B 2 AR50 2 TT 7] L (641, SCHR [RO) )3T Riccati 7 VAK
56 & i INF 1] [ 5 A2 1 1) R o e 20 4 0 LA T IsF ] e It b K- K
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TUI ek A, SCER [RANME 52 H R4S 7 V20 5 B D) 38 R BN A7 A8 77 e g RS A
FEIRSLII SR 1 SCHER (IR E R IE T ki A IE RS, BB D 3k R B AN A7
FEIRALZE 5, N R O e s, S 1 4T REIR e S As AT 2% . 3
BR (ISPNZE T 18 RSB I8 ) 8 A, JRHY T — kT 437 4
HROPATRRZ N RFEE VAL, R4 myia S BE Dk RO RS R

I FH TR ST AT A 10 AT — A HE sl 2 R AR 20 R B IR S L
BARK TR, REEANAEXL R E, g oty st oe e
5[5, 76], A5 S B ) 8 e A B R AT AR IR HE, Gl 22 SCRRAE I 5 s DL B
TEH % ) LI R BB R AR 2 TR SR30 2 [0R, 311,82, 60, 62 SCHR (21, 66 ERT 5T
[ SO R ERMAT 55 o, N RS 8T 1, IS Re s Uifts, IHBOE/E H s
ST e B IS TR) DA 25K T e ISP TR],  DUPRE 3R (0] 2 i) o) SR RS B 45 R BORTRR (]
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AL U SR bR B AES5 o SCHR (008, 10220, 57 W A7 -3 JEE il ik (K80 7 2 7
WIS T B TR PIER RS )8, 1 SOk [B0-32,36, 87, 60-63] W) ok P iR %
HiR ) )12 07 FERE AT T A A 1) . M BR-AT R BIE B B R W AT Rk
FUE AT S5 [39,59,94,05], HIERPUE- H BRPUE R BAT S ATEA [96], 1fi
SCHR (2R, 972, 98] 5E T S bR MUAT 8. AN [ EUIE HLBIAT 55 16 DX ) 32 BEAE 2 iy
LYFIBMELAT, WAL B - BERR, A8 2oty I Z1 07 & R RE [ 2 350 oo U2
T AE 23 ], T A ) A U U A R DRI, A [ ) s 4 R
ZART RSN W IENL I, SOk (009, 57075 R A7 - FE R R 130 )
% )5 FEWE UG B AT 55 1) wgf A FH #0850 8 0l o 28 ) SR Aiff o 0 4% 1, 1T 3
Wik (6] 0% 18 T 22 B[R] 1) 4 0 4 R AR PR IR T i AT 55

MR TPE A S T ARAT 55, HUARN ki I e 7 RE A [B]. /D
NEEHIE TR, X POES) 2% T )2 N T HUIE AL 34T 4% (99, 100], %
H R AR SR L BRUR K SR AR e SO AN B ) 5 7 R A I B E A 4
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iz, NHIHEEP T s PUEAS 2 0 [3Y,005]. SCHk [006] 76 AR &
AR bR FR G T TT 5 8 2 7 R T T R e LA S ), % B Re S R L
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FHERAR BRI IR 1) 7 2 5 FERIEGT T I [R]-BRRHE G e U £ AR A 2 T, AN
[ (1) 28 0 4 R S AR R T E RN AS AR 5%, PN Bk A AR 5 A (i 2
W [98].

B A R M B AR 32 B SR AT ) e o T AR AR R ]
PGB RS I A3 2 T ) Z R AN IEST (B0, 31,33, 61-63, 107, T0R] . Mk -F#E
e 0 ) A, 38N T A R SR W T e /N B 4 R e K, 6 TR A
eI R, VEREFRARWITTHA KT = [07 |uldt, TR A BE 0 SO I
A i) RS AEAE A ek, R PR BR TR bR T BN R R bR (32, 6013 S A 7 1
PBRAL [T09], 7EHCE b P B2 D7 v A8 7 VAT 9T (32, 60]. A SCHkKE
IS (AN ARG — kB e, P 2 AR R R AL (98], 2 i T ENAS
—, WNERFAGHE, EENIZMPERRFRIR AR &3, SRt b i H
XFEFRIE A
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VN e s IVA RN TR -2 PR TR 7RG = AN ey I E ey =4 L B 78I W A S D
Jre i AR RN HEAEAE ST K BL, 0 o R B -1 RTMEEE R 3 R B 3 ) 27 5 RE
FUAR R AR B B T I [ B (L A, IFREAT T3y e b, AR AR R S 2 —
Bl B AT, R ) R AR P LA TR, SRR AR N T R
SR SRAPEAH N TR ) e A B 28 RBURAAE NI RS AL &, (55 BTy
B T RBRERAPUER R R . X TR ERIPUERE N8, 2iE87%)8
JRLS BE R LASRE SRR S SR DL Ir) i, N AR KA S B v e DL e, &K
{E B AT EE e FERSK R . W0 SCEWTIT T S LT gk o) 8, AR v e
[ L BRIE, N HIARZ LRI TEWTIE T I 8] e SRR B LI M [ i

MR EIR T R FRIR TS A R, SRS BT .

BOE, HETHE TNURSPUES) e, A RSB BIRHESR Y, 4y
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JF ] B IE T ERAR RS HIIA 17 RE AR A% R T R, O Jim S 5 I 9 B i
filfo

F=w, AEIVEARAR R APUIE MBS AR 23 53 N Ot 4 R T R SN )
PEBETER R E, WY AR R A S B v e e AR AT T A e vh oo dr, RESL
SE AR r] 2P A DA A e T A T R SR R o KSR D7 T8 0 4 L A AN [ 283 20 R
MBS .

o5 DY JU) 2 S T AR S IR Y W R B AR, ARG RIRESR R A
FUN B LIRS . AT MR A, N Tk e v 7 el e, ek
(R BB 2 PR B IL A i A A D 9 AR IR AL, A% I B 3T BV SR
PR N PRI i) L

FhE, fRPURESIANRGEA B AL A&, N R EIRE 5 AL R
RANEAE AN i L R PIER R W ; FEFnE, B 7k
AR, FIFER: B BB S ) FBUFE A D P s 20 ) L

FONE, K TMEEHAPIES) A0k, N AT R R . e
AL RE R -ARHR S I UIE R, 0l Bt T i i i, Salfe8uE =
XX =R E A I L E A L BT A3 i 462 .

BB IR A E S 7 I 18] e PURPARE S 0 E ) AL, 205 S v ] il 95
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L7IBIER Sy ol N GO B i 1P 1B /SR 2 273 B (1 1 2 P A E) VA E | = G0 b
RIS TR PORE B DIC R 1)

FNFEN Gy A SO S 1, IR AR TT T [ T eS8 . A B Sl
gy, AWTTEN T WOE B P R i ORI R 57
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FE  MRFHE S FEMM
XK, WAL ZTRAURSIES) S5, O JE SEE T AT 508 Bh At
B AEHE AR B IR B IE S PUE AR, SRR TR H T 0 = i i 4 4k
HETBENLBN R IES) S 55 RE, Bl R AR R RARAR RN AL BRI
JERIRI I B B R, R IE AR bR AR ] Sk S OB AR HR 7 1 e
JiRe, ZRAEERAERR AR N EREAR . A DAL RO 1B ) 2 R

2.1 ZiRiEI R R EREL

BOEZ) 12, IR T R T LA AN 2 % ] B I AR A —
BPuE. fENURASPIE R 3B i i, B AR ER L g s, R L
il B PSS (U ERAEERIE . 8 A A S DR I3l KB A Bk5| 715
gy, KA DEENTE) . XML BORAE S — DA (RS0 ilde LA
MERD BTAT S Mg i g, RS AR, XM A BUE AR
PIE, ERPUES T AR e H AR BOCTY) A 2e Bl BN AR R S5 A H
71

F = %(mv)

X Atn] LU EE 5 12 S A T 2 [, 0, 04, 09, T10]
=0T 2.1)
T

Hope 5 DR BRI O B R B, r = ||r|| A RERM, 1= Gm, AHh
BRGI 1EE (GAHTTHE G JIEE, m ek, HAR & A2 iRz T-#
BRI o TR RRZ TR, kel CUE W, AERAE DA Bk
Lo S DA EOEL, 5 AR RETT O b Byl A2
I R L LR TGO, 51 T R R b R LA % R 2 ) A
< [79],

DALy v CIE S A N 2 i B N WA R 1 & i P e WA NI UE |2
MBI TTRRAL, A B SR AR T R DA 20 H 5 A N AN AH BT R AR
OrH IR H R 2 SO HAH ELRST R S AN AR O SR ERAZ B B 1
SEARE, MZAPUERE, Mo £or.
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2.1 AR TEAR KK

X PE, W2 MPUEIREC N o = (a,e,4,Q, w, 0) [I,14]:

a— Wi BE - A
e—PhiLa R

i— B

o QT RFE

o w—ITHb KR A

o O—FLITH KA

E*a%ﬂe%@?’ﬁltﬁ’]ﬁd\%ﬂﬁﬂﬁ QAN 7R BIE T AE 25 8] (5 ), wRonAERL
A [ A T T R R ), 0 i AT b S TR, BRI AR RS A
K 1L PR N TIPS Y E o 1SN
28 IR B AR B TR A% AE IO BT E AR R 28T R B R 32 5% 38 W] LAA
FLFAR, Y28 S R BB AR R 1) 7 R R R B [14]

—l—i-eFC)osG (cos Q cos(w + 0) — sin 2 sin(w + 0) cos )

T = | &g (cosQcos(w + 0) + cos Qsin(w + 0) cos i)
e sin(w + 0) sin 2.2
—/ % (cos Q(sin f + esinw) + sin Q(cos 6 + e cosw) cos i) .
v = —\/% (sin Q(sin @ + esinw) — cos Q(cos + e cosw) cos )
—/5 (cos 0 + ecosw) sini

HrpP = a(1 — )X IER F#T.

ik ?jlk_l_ﬁj]ﬁ']i‘?jlljﬁiﬁﬁf@%ﬁﬁ/iﬁ Lot () 28 SUBRE AR K, P
FM A by 884 (). T 20 JU0TE AR E5 Rk 1) 2 g 2% 07 B A i o0
ﬁk:oﬂ(&)ﬁ@%ﬁrﬁmﬁf%ﬁ Walker#i i T — Fi#x A Modified
Equinoctial Elements (MEE) FHUEMHEL (07], LUZARBOAIRAS BTG S) 112 7
FEAF LA 32 T, Al LU T e = 180° LAA AT 72 [ 4 2 i . i A
52 MR TERR B SR A
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o WURSHIE S ) A FE

B 2.1 PUEREC A AR ] s

P =a(l —¢€?)

e; = ecos(w + )
ey =¢e sin(‘w + Q) 23)
h, = tan(3) cos (2
h, = tan(%)sinQ
L=Q+w+0

Hop sy — A EfE HUE R RN, 5 SRR =S b e SUE IR (8
W, L, Xhgk) o SEPUASRIEE LA b e SUE WM, 2R8NS
& DRAEMIE EMALE . T2 B GERARRE, BN MR E. 59—
N E e, e, MAaiEL = P/p s, B A ERE
&A1 cos Q,isin 5, NN HEEMAREQ + w + EESCEAARQ +w + Mo
[l B, it 0 0E AR A3 PR AR bR AR R B ) R R
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2.2, FEEEA R

A (14, 1172]
P 9 9 .
r = W((l + hi — h,,) cos L + 2h,h, sin L) (2.4a)
ry = %((1 — hZ2 + h2)sin L + 2h,h, cos L) (2.4b)
r3 = %(M) (2.4¢)
v = %\/g@hxhy(ex +cosL) — (1+h2—h2)(e, +sin L)) (2.4d)
Vg = %\/g((l — hZ + h2)(eq + cos L) — 2hghy (e, +sin L)) (2.4e)
vg = %\/g@hx(em + cos L) + 2h,(e, +sin L)) (2.41)

HorP (r1,ra,r3), (v1, va, v3) 73 I R AL B AR R B, HAWSEHNC =1+
h2 4+ h2,W =1+ e, cos L + ey sin Lo

AN AV 1 A St ) AR TE U TE AR BRI B ) T R, B
N RATT G e LR B R ST R

2.2 FEEETE
HIELUMLE . R IRAL RS 1 7R, (EAH R BB AL
ST, RSN R K30 J 2 T T

. r T
F=—pg ot T, (2.5)

Horbe Dy DA Mo Bk O A B R, moy DR BUR, p AMBERS] W
B THRSIHHES (A REIFHEA T LT < Tha T8RN
BN R, MT =T, = 0 N7 RRES BIY IS8 7RI, DI AR LU &,
AN JSE N AR B At (R T RE AR T R T RE o AEASTY, AT A5 8 35 1 1
W, AHEIME, LONEIST,.

221 =HEOEIRRA T I N FETE

B A B8 A ) A N AE G AR bR RN O iR 1 B ) AR T RE . B AR AR
AXYZ) M EEFr s, 58 X XAl 7 ) LR 7 7750 5, YHIT [ A7 T
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o WURSHIE S ) A FE

JRIESF A S TY 5 RIEAS, Z R TE TR 1 05 W, (XY 2R A T B A AR b
Fo PEAZMbRR M LEAEE R E N

T
r= [7“1 ) 7”3]

T
V= |:'U1 (0 ’03}

r=|rll = /r¥+ri+73

DR B 52 T RE N

rou (2.6)

g*%%”é@%%iﬂ%&”“” < Thnaxo

2.22 IZHIENELIRRZ TN FETIE

EAiATE & T HE AT R N R B A R, ERE LR,
KENHUHE S 5 [ BERE AR bR R AR . AEPEARFR RN, HE D 1) 32 2 AT P Rl
oI Ui -V R o3 A ANAR i -3 R 23 A [29,B0]. YT -VA AR 28(T,CN) & X
N, AEPEAR R, T R HPIED) T W, CAEPUEIRA ST M, NJj
[e] Ay LT T W VS T P4, MR T LA AR RS AR AR [T ] B SRR TN A
DR, Xk, BB RS, RIT MUY TR SHERELAR 0 T7 1, TAE
BUIE T N SR T 3 T, NOT [ S W IS BUIE T 1 AT, R A T A AR
o 4% PRBANEPIE LR R FOTCIES) I A0 RE, B WURAR (345 5 A
ATy R (M AR A 0]), BATTHE SE 3 XP)AS [TRA ¥ 2 i

or ov 87‘1 87‘2 37'3 82}1 81;2 82}3
JUPIR 25 A ] A -
0 0 0
=l i ] g =g =g
o _ .0
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2.2, FEEEA R

4 |
T =|r U}ET]R?’

i 9
3 . . or
€XTr =
_7” U] P

D)

X

HIIE S 727 7 RSN

=

— v i + 2]

Q

Q

9
or
9
ov

0 r 0 u 0

o MFae T maw

A
Jo= Ug — M . : g
or |7 ||I? Ov
u 0
F= s
W BIES) )27 7 B
) 1
z=fo+—f
m
a)(T,CN) B 71z
BOEHET I A N2, HES 7 ) W RTAE D) 1] -3 AR AR o3 Al
0 0 0 0
f = f% = utft% + unfn% —|—qu6% = utft +Unfn +uc.fc

Horp ,

fi= o

[l
r AU
=
B _ (rAv)Aw
R [rrYT
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o WURSHIE S ) A FE

Hrp P57 A P Ros AR, e84

T T
0 —Trs T2 U1 V3 — T'3V2
rAv= r3 0 - Vg = | 73vU1 —T1U3
—T9 T 0 V3 1V — T2V
M ik XnT 40
(rfv)v, — Hv|\2r1
(rAv)Av=(rv)v—(v,v)r=| (rTv)v, — Hv||27'2

(r"o)vs — ol 3

SN A v L E (1B, el b N SR S =

1
fo= s [P el wllel® e = - ]
1
ft:m[o 0 0 v v U3]
fn:m[o 00 U3 — T'3Vg  T3VU1 — T'1U3 Tlv2_r21}1:|

[ 00 0 (rTv)v, — Hv|]2r1 (rTv)vy — HUH27’2 (rTv)vs — ||v\|2r3

fe

= 2
| (rTo)o — [lo|* 7|

WNIE S T3 22 T7 RS Jlion e AT

7’.’1 = U

7"2 = V2

7’.’3 = U3

. o (rTv)v, — ||Jv||* ToU3 — T30y

U1 = — 3 + t T 2 c n
lrl> il m [ Toye = ol ef o m e Al

.y Uy (rTv)vy — ||U||27’2 r3U1 — T1U3

Vg = — 3 t T 2 c n
Il mdloll ™ m | To)o = ol rl] 0 mlr Al

e T3 U3 (rTv)vg — ||Jv||* 75 r1Uy — roUp

3

e m o] m ||(rToyo — ol r|| = mlrAvl] "
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2.3. HUBMENIA m iR

b)(R,TN)E /772
3 FE B iR DAy A R -1 R O3 fif

.f = ur,fr + ut,ft +Unfn

Hor )
r
=Tl
rAv 0
Fo = T no oo
JeN
A T
T8 LR [RIRE TV ]
(rAv)Ar={(r,o)r—(rr)v
rTv)ry — [|7]]" vy

WAIE S 127 T RS oy S

7.“1 = U1

7;'2 = V2

7‘“3 = U3

i ry r (rTv)r, — ||7’||2 vy roUs — T30V

U1 = — 3 r T D) t T
lrf|* - mllrl " m [Ty — [l o] m|[r Ao

) o o (rfv)ry — ||7“||2 Uy raU] — 713

by = ——— . z sy + —————"
e[l mllrll " m|(rToyr — || o) m||r Ao

e — T3 3 (rTv)rs — H7“||2 U3 T1Uy — ToUyp

g = —

t
lgrl> ~ m el m | To)r = o] mllr Al

2.3 MEREIEARSHTHZ

(2.8)

H1 - A -3 S il BB B ) 2 5 RE R AT I P, DR P E AR
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o WURSHIE S ) A FE

Ktk LAEKZE) (32,62 SEBRMN A, R BUIE S RS> BB AR BOR
B a -HERBGE ARl e 0 2 -BE MU w-ImH IR A QTS R
2 M-TEh piff . A NURSHIVER 1 RS 05, bl Ah ksl 75, LA
HHUR S )R B S R A B H (Lagrange) BYRIEEshiE s 7 #E (291, 1t T AEL4R
SF), AR AR IE AR B R(RTN)FR SR T 20k, W] 48 BT AR A 38 1) vy 7
RBES) )55 FE R (2]

da 2

— = ———(esinfu, + (1 + ecos)uy) (2.9a)

dt  ny/1—e?

de 1—e? .

== (sin Ou,. + (cos E + cos 0)uy) (2.9b)
na

dQ  rsin(w+0)

dt na2y/1 — e sinz’un 299

% _ 7;;25(—\/%52) “ (2.9d)
C;—C: - T <— cos Ou, + ?iz—izzz sin eut) — cos Z% (2.9¢)
% =—n— 17;:2 ((2% —cosO)u, + (1 + %) sin 9ut) (2.91)

T, 0= /B R AT, = S g, BT
PR R AT 5 S A0 G R

0 1+e\"? E
tan(g) = (1 — e) tan(E)

T30 A 5 D3 1 A FR) SR 2R 2

M=F —esinF

H T8 BT 7N R B AR 1 e AT B T RO D e = 0 AT (D B
Wiffi = 0 W AFAERT S, ANTHERAT P, DAt (R 208 T8 P 0E AR B3 IR 2 1
BB R AN Z N, AT RS 1B = 180° DAAM O AE 7[5 #E Hh £k
7RI
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2.3. BUIEMRE A m R

NI RE SO PUEREA R K 2 S F TR, LIRS
wz[a ex €y hy hy L

.0 0 0 0
+eyaa + hy=—+h +L— =i—

T =g+ ey “on, T on, Tar T s

da Oe,
NiZ R G AE D) ) -V5 AR 2R T 434 [B0]

T = fo + l(Utft + ucfc +unfn)
m

A
W2 9 10D
fo= PPaL [ooooo\/_ ]a_x_fo% (2.10a)
1 [P (2WP]|n| 0o 2Wn, 0 2Wn, 0
P ( 9 9 (2.10b)
Cw\ u N =e20a " all de.  Inll dey
_ 1 P 2WP|nll 2Wn, 2Wny
W ;[ e W om0 O 0} _ft_
1 |P (Dn,—Wn, 0 Dn, +Wn, 0
fo= o= <—— =T 2 (2.10¢)
W Inll  Oe, 7/ —
_ L P T Dnwn, Dntwn, _
_W\/;[O Tl o 00 0} 8z fc
1 [P 0 0 CcosL 0 CsinL 0 0
= = (~Ze,-= + Ze,-— z=
Fn=g\ < Voo, T %9e, T T2 oh, 2 b, T 8L)
(2.10d)

[l
S
Py
(@)
|
N

@(’B
N
P

Q
:
a
=
™~
N
2|
=
[l
e
|
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y
+|

P =a(l —¢€?)

n=(ng ny)=(e,+cosL, e,+sinl)
W =1+ezcosl+e,sinl

D =eysinL —e,cos L

C=1+h2+h

Z = hgysinL — hy cos L

o RN, W BUES) 1507

o _ [2 20l

dt )2

d 2

s 2 Wm’ Wny — Zeyun>

dt H77|| ||77||

dey _ 1 (W% Dt W, Z‘ff””)

dt 7]l 7]l (2.11)
dhy CCOSL

dt_

dh B / C’smL
1/ — + Zu,
P +

RS b N R SO E AR (a, e, ey, By by, L), IRHE SR — AN B 2
WP, HETREARTNFUES R R, JUBzh 5 R ] iR -

T = fO + l(urfr + utft + unfn)
m
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2.3 BUEAREHIA R

A bR DA AN

W 9 w19 D
fo= PPaL [00000\/_ ]__%

—_

o
|
=

W sin Li — W cos Li
de, de,

0 0
- fr%

0 WsinL —WecosL 0 0 O]
ox

%IH

o= %%%%tw

0 0
2P— + (Wcos L +n,)

, 9,
5P aex—l-(WsmLﬂLny 8_)

%IH

%IH

_ ny i+Ccoslﬁ+CsinL8+Zi
eyaex “B, 2 oh, 2 oh, 0L

%IH

|
[ZP (WecosL+mn,) (WsinL+mn,) 0 0 O]ag—ft—
|

. 0 0
_ CcoslL, CsinL R _
0 Zey, Ze, e ] o7 f“ax

T2 2

%IH

2.12)

HHPW =1+e,cosL +eysinl,Z = hysinL — h,cos L,n, = e, +cosL,n, =
ey +sin LMC =1+ b2 + h.

NATTIHER IE S ) 2078, EB I fo & MR, HAEDI2S N, 1o
B fo, fro Foo PSRRI ZEFE Slieg (fo, fro For o) = TuM, M NFIESR I . ML,
R 07 S AN AR St R e rT 4 1 HI W 55T [64], RGEORFF AT 1

A 3 B SOk B AR A 1) T FEETR T ST GE ML B (] . BRAK
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ML, AR SOFAS AR 257 E& R B M AERE 7 3, B RS LE T i fe, B
PLob e i, AR SR AR A ] iRy [B0]

T

mﬁ):—j,mfi—ﬁT (2.14)
sp

Fo Ly, R EHUHE T Le ol go 5y i g, T O [l 5E e pP s A shALHE
HT < Thaxo #HHEAZLMENHL, HENTHHTE S v = LpgoMIFRARA

T = |m| v
7 A 5 HE U RE R 2 &R U (98]
eP = 1|m|v]

Horpe e RGN bR EAHE KGR N

T 2¢e P
[spgo
UNEREY S Y R =)
T T? 2e P

2.6 /N
ANEE T EHE T ARPUE RS PR BRI IE ) TR . AR5 e b

—26—



o WURSHIE S ) A FE

MWERS| T13rb . BREATEESN T, W AL -5 B O R AR A AR e
MR WUR B IIEE . DAL B AR N AR5, 5l iHe T AE s ER B A b
AMPUEA S R N AES 05 e NS PUERE, 70 ie T HuE
ARKR 2R R PR O3 A5 3N BB R TRTRHE TR AR BRI 1B )
JiREA AR AR T R . AR —FE, RN DT AU R, S DA AR
e, WESEIN ) e LB L 5] ) 7L

27—






o= N AL PUENLE) | IR R

F=ZE KEsmMAHENE ] . FEHESGE

A BRAE 7 Ik 8] S DG AR TEATL B ) 1A e W R AT R ek, BB DL B AR
ABEFPEREE . ST, HIiARZ KIWIFUE T EIE R J7 . i s)
DI WA T ARBIES) Ty (0,04), AEMIERS DS S g, A A
LUNAR EX IEIEY S

f:—u%—i-%—l—Tp 3.1)

SR B B)) ) 2 7 FR IR AR AR A R S sy o, B N
THOE A BT IT . SCER (ST ST T BB L OB 5 B ), 25 T4
SR KASEESD, N ) 420K e AL s P R A ), AR A N £ T
7 BOUNDSCO KK fif; 1 SCHR [90]WPKs B #2vE R ML g5 S, N itk
SR SR AR AT I PR S TR) R o SR (ST 3 480 28 7 R fE 1 i ) e (0 L
Bl i, MR R T et hilid:, R4 T —Fh e s SOk 56 50 4y
W73

ANTRVERIE HL AN AT 55 1) DX 30 2 BEAE 28ty 20 ROUAE 45 1, A 28 ity B 30 7 2
JEE 1) 5t 24 ff o U B A 2 ) A, T B AT A7 ) A DA T A A ) . R
1T, ASTR 2835 29 o 4 2F T LR OR AR RN OB HL 2 B, i SCik (09, 570 71 47
-SSR N (1 £ ) R /0 26 ) B A o ity A A o AR B I FH AV P A A
(1) T 3 28 7 R S B 1) g DL M 3 L0 1) R, A I £ 2 At i 4 X ) 2 2
TR A R GRAT, T H S HIZ 7 B SO e 1) SRR 2, A 72 ) = 2RI
I ) e AL PR A . 534k, A B SCHR N T35 ) 2 7 R, 48 il N T A
TEBPEARRR R T o, B TAEREARRR R, TR S M il o 0 UE S 40
AR SR, DRI A B S R AR AR FR T I 00 T 8 A R S 4
)

ARF EZETTERA P AL DY IR POE A AR R T o R 8l ) 2 A,
AR AR AR SR BB VT B AR A, 00T T A3 ek, e F ] S5 DA AT 2 A ) A
JSC P R IR IR s 2) 7 58 T BT R T A 1) R 2 A PR, E AR
ESHTINRG, AFHE 2 ) 5 A 2

3.1 B8] s OUENEH Bh o) REHik

FE ARG D) Ty 22 A 1, WUR AR SCE S fa ek 1) 5)) ) 5 75 e m]

—29_



3.1 I A HUE HLBh 1 A

R A AR R S

ijax
& = fole) + = ijluifi(az) (3.2)

% BB [ 5E L RS, e T W RSB KA IR . [, DA
TR AR AN L T HE
m = _ﬁTmaXHuH (33)

T 135 1 o i U S48

lull = /a3 + w3 +u3 <1 (3.4)
R R MBLRHLEN TS, (AR AT AL O

Do (tg, z(tg), m(ty)) =0 (3.5)
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K RS 7 A AE PGB AR bR R US YD 1)1k A (R TLN) 20, WA

u = u f1 + uafo +usfs

—-33 -



3.2. P Br

Horb fy, fo, fs NBTE AR AR (15K 7] 5.

"
fi=——| v
]|
U3
. (rTv)or — [|v][* ry
2
2= ”( T e H (rfv)os — [Jv]|"ry (3.18)
rTv)v — ||v||"r . 2
(riv)vs — [[v]|"rs
1 T9UV3 — TI'3V2
3= W r3v1 — Mvus
U2 — T2

Wu=[u wuy us)”, Wuld||u] <1, REFIRETFEN:

r=v

. r TH]&X

v = —MT—3 + m (ur fr + uafo + us fs) (3.19)
m = _/BTmaxHu“

| H Pontryagintfl KA B, 75 R4 Y Hamiltonian pK254

3
H=—1+Ho+)  uH

)
|

L
HO = pzv - ﬁpz;”' - BmemaXHuH

Tmax .
ngu 1= 17273
m

(3.20)
Hy =
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Dy 70 (3.27)
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XTI TR e AT A8 ) B, AR Sk
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r/ = (3.9392Mm, 2.7283Mm, 5.7958Mm)

BB HE IR Tax = IN, BB 75 A AE B BRBEE AR BR 22T (R 5%
P, B R Sk R R R B UHE ) 5 T R, 2 I dee I B A M B i
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4446

BB s AP RS AR S B B R 70 i O o B I TR AR 0, 5552
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rf = 161(_{_16—(328)9 (sin(w + 6) sin(7))
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20

Trajectory of the orbit intercept, Tmax =4 N, tf =169.0513 h
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Trajectory of the orbit rendezvous, Tmax =4N, tf =318.9862 h
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) R Ry DU
- timin(h) | IOl || tmin(h) | IOl | Egmin(h) | (]
0.5 2556.1677 | 1.1E-07 || 2554.3085 | 4.6E-09 || 1354.1545 | 2.1E-09
1.0 1279.796 | 2.7E-11 || 1260.9954 | 3.4E-09 | 685.094 | 4.7E-11
1.5 - - 842.5645 | 2.9E-09 || 436.7368 | 5.5E-11

2.0 635.9953 | 6.1E-12 | 632.504 | 5.9E-09 - -
4.0 323.9285 | 1.7E-12 || 318.9862 | 8.3E-10 || 169.0513 | 3.1E-12
6.0 216.1717 | 2.3E-12 | 213.0968 | 6.3E-10 | 111.084 | 4.6E-12

10 128.3579 | 2.4E-12 | 127.6397 | 5.4E-11 73.542 | 4.0E-12
20 63.8795 | 5.2E-13 || 65.8506 | 5.1E-12 || 34.6528 | 5.1E-13
40 349649 | 1.3E-12 33.217 | 7.7E-12 21.469 | 7.2E-13
60 25.0451 | 1.1E-13 || 28.2547 | 1.8E-12 || 20.4102 |4.7E-13
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5.1 [a)ZRgiA

KM AP ERBMBIIES H 2T, EXRELEREe =

—

o, W BABUES S ] Rl

: 1 3
T=_ Zi:l ui fi(L, x)

1
L= go(L, 33) + Egl(L, CL‘)U3

/\I:':‘
P1 0 0
fi MW(WSIH Je. W cos 8ey)
P1 0 0 0
N D) L+ 1) — in L 4 7,)—
Fo= | @P g (W eo Lot m) 54 (W sin Lt )50
P1 9, g C a0 C 0
— e (—Zey L Zey T+ Zcos L ~ sin L-2-
f3 MW( eyaex%— exaey+2cos 8hz+28m ahy)
A
_ [mEo
P=NVPP L
rzo
=\ LwarL
8o

W =1+ezcosL+e,sinL,n, = e, +cosL,n, =e,+sinl,
Z =hgsinL — hycosL,C = 1+hi+h§

I8 DR FORARA, 5 R HLHET IR A S L]

i = —f|ull

P e, e, hy hy|", BEKIHAERHE S AEPIE AR ZRR TN T

(5.1)

(5.2)

(5.3)

Pt id DB Z RS SEBs A (2, L,m) € M x RT x Rt HJEAESS, DAEM
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AT R 2T AL 2 4 X [62]
A={(x,m)|P>0,]|(es,e)|| <1,m>my} (5.4)
B TSR LMD B P AT, AR B L ) R 2k IR %, m,

TSR AR R .
X RIESAS ), HR TR HUE R H AR BUE I L

x(0) = 2°, L(0) = L°, m(0) = m°, ®(x(t;)) =0 (5.5)
T2 S N D i A2
| < Trnax (5.6)

HeP T RSN IR
PR, Wu = Thow x Wle = Thax/m o HTARRL AR A — 2 AR
5, i AEGE, It iSRS

dx € 3
= P Zi:l u; fi 5.7
PEEAR A ; 5
m me _
aL _go t o1tz |l (5.8)
IRl e d /s BRI FITE B AT 55 B T BE Habr 4 -
Ly
J = / dL (5.9
Lo

L3R (1 T 25 30 L e 2 6] T 2 1R S (o, m) ROTE AT S 4 0 A
o RO A, TR S R B AED), (), HRLRER), %
P ES) R B2 ) < 1.

5.2 SEINS thizHIR g

KT, AT RBIR 2B H R 1) de ULt T o I P AR KA it
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H, UL R AR, A FJHamiltonian (H) %A -

3
H(L,,m,po, P, pm, @) = po + m (Zl u; H; — fmpy, II%"LI!) (5.10)
HEIDH, po < 0,H; = (p, f;) ZHamiltonian$ T, p /X Na FIPRIRA, Mip,
MM N IEPRE. IEWEO T, po &0 0 HEE -1, HELmE, FTAUE
A g R I, IR A m > m, ASEER .
Lo = egiuz/go » LA BV E A EAULEL, AT LA E o] < 1
s I FRATIEHR E O T o IR IBER I

3
€ 1
H(L ) =—14+ —— u; H; — m ||
(L,x,m,po, P, P, Q) +gol+€glu3/go (;u Bmp. IIUII>
3
=1+ gi (1—0+0% ) (ZuH — Bmpm, ||ﬁ|!>
0 i=1
p 3
0 \i=1
(5.11)
ZHEO (o) T, WIH e o] Hhid 4y
T 3
HL7 ) N ma_ %_1_'_ e _iHi— m u 512
(L, @, m, P, pm, @) o (Zu Bmp HUH> (5.12)
R 5.1 fELeXIN, WRitE,
(1) FUsX) S AR & p,,, 2 E 1 R o8 2
(I1) AV = (Hy, Hy, H3), UASKHER, RN
U
4= —— (5.13)
||

WERR: NI -5 bl 22 AAE S, SET2R 5

—_ Tmax —_ i
H(L. @1,y ps @) < —1 + 22 (|0 ]| = Brmpwe ||])
mgo
1 2% )|~ Bmp,) ||
= -1+ == — Bmpp) |14
mgo
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Na = aV,a > OS5 %7, DAL AT Hes BB R (i ] 5
_ v
a = afy(L))rom aly(L)) € [0,1]
I
Horpy (L) ARG R DUNEBIRLIR A, go K10, RIE XD %L

= [[¥] = Bmpm

W& ) P Ay R A

maac
5 E u; H; n
m=go *

R s 1 CA] Hip,, 239 ok 8 BT Tp,(Ly), BTG Lo A, 0
AR AAE W Hlpy (L) = 0, Blitbp, Z2AEER . K hp, 2dEIER), BT A
KON, DI BRELS R K T0, Rlilia(y (L)), WHI(ID) T

L (x,p, ) S EATAR, 1F WA AE 0 40 2 AR H5 V) e i {0 = 0} # 82 fuk oy
B, MUA KO0, HEI3) A 1 AN e 2R, AE WRR O 1
#U = 0N A7 [B0]. B2 Rk, TAIHSV MPE.

ARl 5.2: WriRIUHL, WRIESE R HA AT BRI E R

WERR: AC RKoRU ME RS
C={L €Ly, Ly]|¥ =0}

Ak(x) = Dmas PR Y ) H BRHON -

3
H = k(x) (Z u; H; — Smpy, HﬁH)
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H,={H;, H} = {Hi; k (Z u;H; — pmpy, ||a||> }

=1

= (Z u; H; — fmpy, ||ﬁ||) {H;, k(z)} + k(z) Z#i u; {H;, Hy}

&

3
g9 = Y WiH; {H;, k(z)} + k(z) Z#i w; {H;, H;},L € [Lo, L)\C
i=1
Gij = 0, L e é
FEVIH R AL, gy REESEM. 274 L € CoEUert, WATAL — LI

193] < IWI{H: k(2)} + Z#i k() {Hi, H;}[ = 0
A

[fi?fj] € V€Ct({f1,f2,f3}),]_ g ? <] < 3

)
{Hj7 HZ}(E> = H[.fj’fi](l_;) = <p<[_/)7 [fjv fz](w(z>>> =0
I W ELE), W8 TC . 8 FRIEM O AT BRI .
KA L2 Ui s, W (L) = 0, A Hy (L) = 0, 1

: 8k
H;(L) = Bmpy, ||all f; =

AR iy S, 1T iip,, A2 AR IE 8 66 K, NIEH (L) = 0 S0l f A IRl 2. [
M, W(L) # 0 i BAEAS D)4 sSAE X I [Lo, L] A2 ARILM, W23y NEH
BRANZ L, AN AEZ R X ]

S/l sy g DS N I PSR Gy 7 By = S 4 R PSR Sl A S

R 5.3: X[ EHE N T anr A7 B (2, m) FEBRATLI R AN B, ARAT A F5
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TR ), BRAT TR ) S e £EIXC TR0, 1] Wﬂum,éT:%,wEm%
BIEL N — DB RGAL BT INRS, AR N

dL,

= 5.14
dr 0 ( )

é\i = (:c,m, Lf)?ﬁ = <p7pm7po)’ %EH/‘]HIZI%&

3
H(r,z,p,v) = u; H; — Bmp,, ||u (5.15)
)= (S

MRYE AR Fr e 256, B (2, p, v) WAL T 2

= ( , D, U)
dr  9p (5.16)
dp OH 5, )
dr 0z npu

Hohal 2 7 FEEI3), HArgm/MELy, DIEEESEHE ) I BRRZPER
5] U A DAy W s TR ) e R 8 HH (BETB) A 0 AR M 258 3 10 57 2% A A2

Z(0) = (P°, €2, e h2, hd m?)

Y y7 x? y?

(&) = (P— Pl e, —el, e, —el hy —hl h,—nh])=0

FRE A A T 0 5 it AL A A 1
P, (0) = pr,(f) = pul(f) =0

B0 BB RIS HEIRETIR 7R . 5 RoK, N PR AT 48R g
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5E X1 R K -
S(ta Z) =1- BTmaxpm - == ||\Ij|| (64)
m
W24 w || #£ 0w, BAlfaEsl
—ﬁ, S(t,z) <0
u*(t) = —allg—”, S(t,z) =0 (6.5)
0, S(t,z) >0
Hha €[0,1]. 4|0 =0 K, N [32]
’U,(t) S(O, 1)7 1- 5Tmaxpm <0
’LL(t) € B<O7 1)7 - ﬁTmaxpm =0 (66)
U(t) = 07 1 - BT’maxpm > O

LR M ergn,  E Al i R B0 HiBang-Bang A1 75 7 T 9 (Singular sub-
arc) FTE . FIRWBAF MW £ 0,S(t, 2) = OB AT S Es bl e ks e, B
WU £ 0, BIALELERT RN, 7ERUE S TSR SR AR S A e # A)58%
ST AR A

RERERIOPERESRIT N [ [lul®dt . PR (SR, SR 4 Hamiltonian i
HOl .
3
H = ul)” = BTaxpm lull + Ho+ =% wiH; (6.7)

m

MU = (Hy, Hy, Hs) AN RO, 58 V) ki %

BT axpm + 2= |||
n 2

a(t, z) (6.8)
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W e I 2 i A
_Il_gH’ at,z) >1
u (t) =< —a t,z)ﬁ, a(t,z) €[0,1] (6.9)
0, a(t,z) <0

(W # O, T AG AL AT v, I SR O AR O 0 2 5 SR . e b
KA S5 B () — B b B4 A py, = —Tmenl®l AT Saip,,, UGB, T AR AR
A S A po(ty) = 05 BHTlip,, RAS, BB RS, 2) 42
Ay, SRS R A AR 25 th B ORI 0L o

6.2.3 ¢ BEFRKBABI RN

AR, BN P TRk g ok A S T L e IR e, 84

H AR B Bk T A @G B bR . T R R A s T AN AE 77

M, R AT L B AE BRI R RE R AR P DI NBEEFahR, MNIMVEERAT k. v L%

FEB ik [83,020], HIZEPTEREFR PR I8 A e Zh 8 e u v » TR RGP
BEFR AR E U .

I, ex) = / (e + e ul]?) (6.10)

[FIFEAR R R AE S 3, s D)5 e 5

_ /BTmaxpm + % ||‘Ij|| —1

alt, z) 5, (6.11)
W e I 42 1 A
—”—gu, a(t,z) > 1
u*(t) = —a(t,z)ﬁ, a(t,z) € [0,1] (6.12)
0, at,z) <0

SCHR [S3TE W] T e SR H s vt 7 I 42 ) 5 lim e, =0 I, R Sk
TSy Ml dt B M, SEBR b ey, BRAR B 05 /N RO I, T LU B R A
SRR — AU 5 e, = 1, WS RR —RERIR S AL

6.3 #EITEHE
B R I8 TR S S R 00 s B 1) 1 B R 42 b e T ),
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6.3. FfiitHE

R 6.1 IR RE R BAPUBE A BAHL A AT

| W& | AT
P 15.6Mm | 32.1Mm
e 0.75 0.16
ey 0.0 0.30
h, | 0.0612 0.0
h, 0.0 0.1

L T H

[ m [ 1500kg | EH |

P ME IR B b B, RGHARSRIPARES T FE N

T = 8pH*(t,m,m,p,pm,u*)
1 = 0y, H' (t, T, m, P, pm, U

oo ) (6.13)
p - _8:BH*<t7mam7p7pmvu*)

pm = _amH*(ta T, m, P, Pm, u*)

MAEEMEF G, BATHE HARPUER L, A BB, PIGHUEM H ArBuE
EAREAN LB T 7 .

AR AS, i DA R B, &L, g 8 m, DR TE R E R
PR, UL X . 18 P A ) o il A2 i 20 R A

(i) = 0
pm(ty) 6.14)
0

pr(ty) =
2, WEHRERFE, RS TEEIR, WIUGILAH S F1 2 S 4 A K ki
AT B AL, 0] AL AL A PN A IO IR . T T DU S PR T RE D vk
FAEAH . B PR AR e, FTHERILE O (6]

S(t,po) = expa, (t,po) — Ty (6.15)
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ARSI i i ) g
S(tfap(]) = (P(tf) - Pfaex(tf) - e£7€y(tf> - 657h$ - h£7 hy(tf) - h’éc?pm(tf)apl/(tf))

0 T CAT IR R), 568 DU = FR) B v B0 45 SR W e K HE ) B e L e 7% 1)
EIESR NP
tfmzn(h) : Tma:c (N) ~ C (616)

DRI XS ] 5 I T 0k el e de LB e ¥, (BB AT LU I 30K A2
tf = th'tfmin (617)

Hebe, ARFTUFE W TREDK RIS, RIEEE D 7 g8 3 XeTad
15 HUAE M 800

SRAFBTIA (1) 20 3 TR AR AR S, AR SO H IR 2 1 SR A7 8% A More 1T
S NTFRIMHYBRD/HYBRIY [20], 3X AN SR ARAS A 15 PR s 1A 1) 80 (1) AR 43 AH % 5
TR IS SRARFT AL R E o, SRJESKIAAME W) . TN e S0, FRATIIU
SR FHSCHR (3205 2 0 T4 1E R B R BRBE 7775, 6 0 1 — 0784k, MR
B dle Mep = 10, XN BRI -RE IR & B TE, 1T e, = 0 1 0]
XV LB T -

PA I B 7 AR 2 5 K HE SR T = SN I BYEER, AR X TER] S5 A
RAT S ] 2 51600, ET2H [Fey BON1.2. BRI 2R 3R 7R 1 02 BE B S L 428 16l
W, -2 KRR R R SR L IS, i — IR IR 8 e SR fig
TR AR IS TE o BT /R I & RAS B I TR AR e L ozs, T DL
HOR AL LE P, R AT =R B0 S Lo J LT 2 A, 8
2R DASE AR 45 @ VIR B AN B ARG . 4 e S R I I &1E T, iR
BRI A2 i R S A k- e VR A et U R 10 45 AT 2 —FEIN .
BRI B Y, i LAAEROR 225, BITE HAREUIE b 2 2 AN [

(1, ERIIL $E5E N
mod(L, 27)

T

-1

M A L H 28 K 3R i BB 5 2k 12-13 8 .
St At IR S TR AR A, i RT LR, BARIEATRAIE LR
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6.3. FfiitHE

state vs time,T __ =5N,t = 192h
max f
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time/h
4 6.1 CIRABEIN ] AR

P LR, 11T o FR A A I8 JU) 7 i AR ot A B P
T A BRI 2, SR R L . R R LS H R B, k)
CAUEN] T RS B = 0 FITS0L; HRERE S — WURRE & I I, 1)
BRSO Ot 2) = Zlmesbet SV g e AR S . T AR 4 S0
o AMBLAF SO, BT AN DI, SR g 2 8 Bang-Bang F 1 .
[ At T 5 R AT (|| £ 0 RIS, R AEBRE bA A R e
FF ] .

FIB3VEIBAN 4 51367 2 i S D 2 S TR At T2 A M
AsFR 2R (93D ATHIE, Wkl Bt IR A I LU 55 A S RS TR AR, 7EIE R o)
e BT G S AR Sy Ty ), o P FT LU e Ak e
LIS R BN — LA, 175 Bt B T A7 A6 4 W B

B B IR TR R S, 4R EESTR, e, R
R e fig - RHR O = A T T B RS AT 55 58 eI TLA ) B 2 2L K
ey 2 I E, d T LU SRR s R LR AR L i TR
(1) LA TS B A 45 240 TRttt L P A M )0 7T DU 40 MDA T 0
WU, R BN N SO A B R R, B R b L
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Control vstime, T __ =5N, t = 192h
max f

0 20 40 60 80 100 120 140 160 180

0 20 40 60 80 100 120 140 160 180

[

120 140 160

time(h)

B 6.2 e Lass il bt m) 2e fe Ak

ER R AR, T N . PUERB RS, AR ORI FE,
BT [ [ AT 2

6.4 /&

AR SCHE T TR RRVE 7 I 9T T I T[] 5 1 BB HE e fe it . BARHB AL
LA R ARRL-fit il A S A TE e R 42 o OB B 0 TR A A 7 e e i AN 2 K
ik, e AT ST RE R B PE AT BE BB & e, Tl AEMERE TR b b S I N RER TR
PRI B Ay R TR L1 i o AR AR i BHCR B2 FIE A ) AL A DA P
SLAR TR, R AR T R SR AR AT DL PR P R AEL TR, B R W 14
B # 0 ZHOLI s g H s fe RAEHE & S Ui 1 S i il 2 221,
AR e U1 TE A2 A i bang-bang s 45 E VIR AT H AR BILIE, HUBF AL
THAEMRLERE N, RN A SR HUE R 1 R RE e, BRI
S AE = SRR G e e =P A [RIPE RESR Bt . ) e LA JL-F- 2 AR TR Y

PP A LA ) i ) B8P SR AR AT A ARAR G A R RO AR RS, oy T AR v 5052 3 71 5
ML SRS SR, R AMEA R SRR G 2B U], 4iie s
HA i )it 1t — DA
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6.4. /NG

Trajectory , T, . =3 N, t,=192h, L, =79.970 rad, m, = 1347.4954 kg.

max

K1 6.3  ReEHILIDHLILE

Trajectory , T =5 N, t;=192h, L = 83.5127 rad, m. = 1349.064 kg.

6.4 AL AL3DHLIE
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FLtE ESHENIRNNENE

WEEAONTE, BN AV T I T SRR s BB [ L, B
WAL Ar R PE R . SRR RS T, B R E P
PLah s Ao PuE e, X5, AT E AR S E N 8] 5 AL B R R L
TECHLIRE ] 75

LR A AE K2 €AT Y, A7 AE o8 R L AR T O 4% B3 2 1) e Al
fit (U220 WK & /g SR € IO ft, DL S SR BA S 4 P A2 AR i [T23]0X FF
I R ke A, A IR TE, R SRR, o R A e St
# [OR]. DAL, I R IRE e T A DA e R R A R A T R 2 1 L TE R
APIAALE, WK A SERBUENLS), BRI h) f i B ORI Fed DL S i
PR A AR B8 (2 PR STl , AR5 IR B G HE . H i Sk
WER I, S T L (r) T ARAF 2209, AR S BABIF ST %5 18 T
B e i) % RE Mk A 7 4 A (024

7 FH AW R AR Jit BRI R () 5, b A A D ) A e 320 T ST A7 £ PR Uk
PE, i HL R AR 2 RN 5 0 U A ARSI A B D) e, A4S 1)K i A2 75
S PRIME o SCRR [0, 661N I FE g R R, IR ORAR SR BRI 5 T 2 BrK 2 4R
T B3R ] o AN S2 SCHR [RU]R s N ] eScdt Sl i P AR ik 10 3) 0 5 5
R, AEBGB E PRI BEHUE A AE T, REPIE JIRE 1) ) 73 e 2 AR [
BUARZ ML R 1) SR AR, KA 5 B 45 SRR W% 5 1% RENS 5 FS I 8] BRIRRL S (0
B RO [

7.1 [a)RREIA

TR RIS, B e g S L P RN ERE . UK WA IR P 2 5 3
HPERUE, )5 HERRRIAIE, RPTBUER RS KT L&, ST Al ek
R B I AU L IRE ) 7L o

BN A A U AR, HERE R GE0 [ b # (e HE ) A sh L, Wit
Ty e U RLIRE ] R W] R AR O Bt L i S A A MR e AR

ty
J:/ 1dt (7.1)
0
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7.1, In) @A

T = —mit)) (7.2)

B/, B CATI Tl 5 AT 45 52 e TR A (1) s TR il S R
ws)) )T RE [B0] -
3
&= fol@) +—> uifix) (7.3)

AR A m A2 T 2
= —BT (7.4)
Horb B O 5 R BB P ARSC I A T 28 R ZhHLHE TS .
FHLGE 1) 850 ) AT 25 A R 28 i 25 P 0l 5 SN

Py = (2(0) — 2, m(0) —m°®) =0 (7.5)

O; = (x(ty) —x°) =0 (7.6)

T S L U A2 24
o, = (z(t,) —x*) =0 (7.7)

Hor (2, m®) A WHRIRGS S HUE, o P I PUEREE . RN, P2 e
T FHETHAEPUE AR R T 17 70 B = (uy, ug, ug) LK

0<T < Thnax
(7.8)
ui +us +uj =1

WA 002 17257 B S R AR, @ — [h ey ey b By L)T WO TE
ANZEPUE B ANRTEAR, RN 2 R AEIE E AL,

o 1, MBhE

o (ex,ey), MO E, EPUEFH, fiFFTih

o (nshy) HEBEFIE, 7oA, AR PEAA

o L, RHBURE

FEARE, NGB ERTrE, SR MPIE R B0 X5 AL ) 32 22X )
FETER - REL AR 2 MR, My LR FEs. S
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&
S

TEREI R AR

e, = ecos(w + Q)
e, = esin(w + )
hy = tan(3) cos Q2
h, = tan(%)sin Q
L=Q+4w+v

AHESAEPIE AR R N UTAR VA [ ARRR 3R i, U (3D e SCHBR A8
A4 T E I

w2 9
fO_WO_L

h . 0 0
fi= W <WsmLaex = WcosLa—ey>

h 9, 9, 0
fo= (2]3% + (Wecos L + nx)@em (Wsin L + ny)@ey>

h 0 0 C o C 0 9,
f3 = W (-Zeya—ex + Zewa—ey + ECOS Lahz + —smLaT + ZaL)

Horp 2T e~ ks

W =1+e,cosL +ey,sinL,n, =e, +cosL,n, =e,+sinL,
Z =hysinL — hycosL,C = 1+hi+h§

7.2 RS TER R K i B AU 3B% o) L

Pl RS R R o) R T R . 4RI Ea, TG YERRIRART SME, A
AL RS L e < c(x) < ¢y UWEARY KRz, <z < x, [A1]. X THELE
)i 5, 3 SR FH PR B AN A SR T T R B A, K SRR D A o )
WA —ZHAA R, A AR MR SK A . A SO - lC /R0, B2
P ] TEJ 2 23 Ben, 53 ) 1) ] 5

t0<t1<"'<tn:tf
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7.2 AREAE ISR A 5 I e i)

A1 8] B 11 g S5 R 2 M BC 5 Ccollocation point) , M BEANAC 2 _E R S R $2
il
y = {0, uo, T1, U1, , Tp, Uy}

VERAEG A MR AR &, it 2 T A (B 45 2 3 e P2 il R g 2 R AR & 2
5, RIIXLESHARVPIRES TR A RS, TS 2 — AN ZE# R ) 2

(57T e S/ il T B P s/ il 51 B 0% B R S P 5
BB (pl) FHR[EIF B (p2) o AR By BOR 8 (9] B B 75 0 I 18] 23 1)
M, Lo, WIAERERE BT B, ARZ A R I 3585 A2 1) PR S 30 2% Ak

D(0)p1 = (h(0)p1 — h?, ex(0)p1 — 627 ey(0)p1 — 627 ha(0)p1 — h(a):v hy(0)p1 — h27
L(0)p1 — LY, m(0),; —m®) =0
D(tp1)pr = (h(tp)pr — I exltpn)pn — €5 ey (tp1)p — 627 P (tp1)p1 — gy By (81 )1 — hZ) =0
SO (R, €0, €0, W2, RO) HEANL R BRTRARLIE, (b, c2, et B, ) Skl 0 L
T, LO Wi MRS AE R L PIa A &, RO R B puIE A S ek
Wi, IR L 2 E b,
TEIR AN B, 3 A2 ) 2 a1 T 454 R

D(tp2)pe = (h(tzﬂ)p?_hov €x<tp2)p2_6?cv 6y<tp2)p2_627 hx(tPZ)pZ_h2> hy(tzﬂ)p?_hg) =0

A AR I T 2 A WS /2 e R i B ) 2 2, RV AN B AL T4 46 1

Link = (h(tp1)p1 — h(0)p2; €2 (tp1)p1 — €2(0)p2, €y (tp1)p1 — €4(0)p2, ha(tp1)p1 — ha(0)p2,
By (tp1)p1 — Py (0)pa, Ltp1)pr — L(0)pa, m(tp1)p1 — m(0)p2) = 0

RPN BLgE K% RS I T e PO RBE (), &ty = b+t WUPERESRARA

tp1 ty
JZ/ 1dt+/ 1dt
0 tp1

P

ST e N AERE RG], P9 B DD 2 N A, 0 2 B IS, FoAt 25240 5 I () £
PEABTEARIA], 2P RESRAR N
J = —m(tf)
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€x 0.2 0.0
ey 0.0 0.0
h., 0.6 0.2
hy 0.0 0.1
L/rad /2 H
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JiAh, REBUE RGO RRIE,  ULE AN B B AL B AR A R

Oéei—ke;gl
26, 5 W) d U0 R RE ) AL A D P B AR £k PR R 8, R Ok R
FITOMLAB/PROPT [1725]3 4T 5B )7 2L

7.3 HEHE

REMs e Ema (@) X (I3 For, RE0HL LR AIEIR
QR R T T (P AR SRR

P RE L) BRURE, ORISR ERIE LA E . TR NS, O
KRR AE AR POE EAIARA S, (H R R A% 2 Ik Y 0T R 9] 21 SR dp e E 1
PEAICIE e anIE, R Zeu i 20 L & F I . e TR 1R TR,
B 2B PR, BIBRORNE R AT 5575 3K, e KB, mEAt s
DI TR R R, e 2 p I TR Aff a2, DT Mt R R0 R % A 228 3t 221 11
SR H

i B M R A 242 496378 km (IR BR, 24 1K 8% & S AL KHE H Tax =
SONKT, 2% FE I (] e R RL B UL MLRE 1 JE I, MR 28 A MRk 5 M AR AR 2R R 1)
S RATIE LR R . R T PLE RS SE R T TR
DB 5 D0 R A i, L e ) g A0 R ek o] 2 6 U T R B T ) > il
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7.3. B H

3D flight trajectory for minimum-time avoidance, Tmax :30N,tf:1 26.5774h

—+—— optimal transfer trajectory
—<—— optimal roundtrip trajectory
—— object orhit

< nitial orbit

10

2 -10 -20

K 7.1 B st s 3DEALEZE, 30N

P30 I3 3l Ay 1) e A0 R IR ARk 5 D0 135 T2 IS P e D0 PR A il I 1) 22 £
i, MEEMRREBH B, SLRRRREIF B 0T AR ES T, it
FEPL R 71.77/ 80, B KAT IS 18] 4 126.5774/ N s 11 % R d5e /N R BH FE I
FL R 25 e 7% [ B Dy 22 ) [R186.75/ININF 5 K AT INF ] 149.2696 /N I s i st ] L
H, FERBCE IR P BN £ .

E—AMRE R T B i UR AR RAT B RN, (e, €,) B A TR UTE 1D i O
Hy (hygy hy) HEPOEMIA . HESMEZEN LR, MRERLE R ) 0 ()
B B R LA 2 s AR SRR S UL I R B o B A K, RIAR 28 AT 5K
AR 2 A0 208 1) 2K A AR AR i T R ) = 4 R AT st n] DA 2
HOX Ao VT T A A I 8] e D0 AR B D0 I I AR A0 B B ASCARIABL, i HLEE RS B
BOFIR [R5 B AR A LS R RR ) o ARELL € TR 284 RATHUIE LI SEIs A7

B, WP _
N = mod ( b 0)
2T

T 5 R 2825 K BRI BELSEN, modZom i FECE . B Tl AR e, 25
MIL(;) = 148.5tad , 45 CHLERIG PR 02308 o ML FEBURER, 23
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3D flight trajectory for minimum-fuel avoidance, Tmax =30N,tf=1 49.2696h

—#— optimal transfer trajectory
optimal roundtrip trajectory
------- object orbit I

initial orbit

3

K72  S/NREHHAERED B, 30N

%I L(¢;) = 83.958 rad , 4% KHLER(BIELL Ny 1304 .

H B3R B an] LUE H, MRS E S N ARG R, MRiE s 7
P2, ATAILE ) B AR B R B AL, LR AR — B A KHE ) A, BRIiR
s R ] LLRIR A

m(t) = m® — BT axt
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