S s NI 2N i
B 5% H3 M ® =2 KR W ZF W Vol.5 No.3
2018 4 6 A Journal of Deep Space Exploration June 2018

AFEOEEN N ERE EFHER R

FTARANY, ERY, AR, LA, RHKW
. EEME RS BR%BE, R 2100165 2. BRI AR K% IR HAR SIS, B 2100165
3. BRI AR, _EifE 201109)

o OE. KEBTHSNEO S PO Ro BEAOC, I 7R KESEMAV. (Mars Ascent Vehicle) 143 g ALALFIEL
IARACERE TR, Ot AR R SRz . R T — MmOy ik i P MAV 73 G 5 UL R & 2 B BUR L S
BUUMAVF RS SR E RN EFRRE, JF%E TMAVIR AR, MAVIR T EBAIZ . BT K A2 2 SRR 2 il 20 3R 55
PR 254 o R % 7 21T DA TR] B SRAS R G 2 i S /NI PR UMY 70 G S EUR — S5 R FE I AR 10 e, o T B T ANA 2R

PRI EMAV 73 5 3 BRI A 5030 TE TR A B T AL

HIBUR LRV . R BRI BRI,

HUENT AR 2T R B A RARCECRE, BOR MBS

REIE: KERFERE KE BT KSR EMPUERE S UL m g

hESES: V44822 XHEkFRIRES: A
DOI:10.15982/j.issn.2095-7777.2018.3.009

MER/RS: 2095-7777(2018)03-0269-07

SIRME: FIARHE, 23, HARAR, & BT Sl ik i kO R R b THRFE S P Bt (], B IR

i, 2018, 5 (3) : 269-275.

Reference format: KE S K, LIS, XIAO DD, etal. Minimum-fuel Mars ascent trajectory design based on Gauss
peseudospectral method[J]. Journal of Deep Space Exploration, 2018, 5 (3) : 269-275.

0 51 &

KRB ER BT AT B, XK E RRINA
BT N2k — D B FUR B &R A A A, K 52
HRFEHE B G I. 7E N R St K A BRI 2
Ja o RFER R K BRI BT —> AR, KR
T8 (Mars Ascent Vehicle, MAV) K& S ERE
KRB KRR EUE S AT R CBER Z, AR
R B FrReHE A K BEFEAR P, i H B KR
Lo A BN, B R B KR K SR
R, BBk EEMENRE, &S
f& S BBk K RIZEAE Bk o MAVEEIE N1
kg, TUIHEER A 56 0T B0 AH B 3G 28 k™o T AE AT
R TR kg A B/ B KEFRELRY
10073 ETCHI A . BT LAIMAV B A 75 Z % fE ok
fi s #ae S KEFNTEER (Entry, Descent
and Landing, EDL) REJJHIAIATHELIR"Y, @EHINEZ
GFERI & .

R T SEIUER KR BT RR T, AN MAV R
RHM T FATHRA . ETES ARSI K
MiTE, BRI E. HE. & SRk &

Weks H . 2017-12-05  f&[EIHM: 2017-12-30

FETH: HEXERFREEENE (11672126)

SN FE AT A T PR B A A ) ) R, R ) A
TE KT SH, R UURFERAR A B b R AT Pk ik
b LTS B B AR (45 1) B . Betts X BLZEAI Ak 1) R ) 3K i
DIEBAT T MRG0T, o AR A UE
HREUE VR T Lo N B R AR R . vk
RBEZVER—F, Patterson$EH T —F 5 &N A =
PO TTVEFFIT K 1 AH R Matlab X {4 GPOPS-IT".
PN )4 A A 2 T v 0T D T A 1 T AR ok A R e
AT WK E RSB EAGE, A
PO Ak In) R TR U AT B FEAR AR A 5 R, EE X
X — 1A @ Coskun#it tH 7 — Fh I T iy Wi Dy i v2: i e A6 7
5, BENSI K BARAL AT AL AR S Benitoth
B = ORI NBIMAV T hads e b ) fi ok,
ARSCCAK R T SRS R B /N H bR R,
TR Ok B 7 — M E N I MAV 1) 43 9 5 Uk
WA 2B E L, RS BIMAV R I R & 5
(KB BT330S H A S — Sk AFE IR AR B T3 .

1 [E)EEiEIA

1.1 XITHE
FE KR ZRTH RS NPT 5 3 1 5 b BRoA b



270 TR S R 2 3

20184F

KRN, &EERAPEMAVIETT . Ao EA-3R
MK BRI RN AT R 1R, B0
KIFGEFE —MRIE RSB 1 BT B a2 K
I 8] TC 8 /3847 By — BB BT PUIE Rz gt sk
AR B AR SR 20K R JGEAT B B H AR
FHE, RIERBCKEEAMR, R&dXKEPIESRS
BN KR FEARE A 2SI AR LU SR [ HBER

S R L

T 1T B

1R T BT 500 km 5 5 [ BiE

B KBREFSR TR
Fig. 1 MAUV fly profile

12 FRFREX

KE TR PTEAARR R (R,9,2): AR R sS4 T K
B 2R KR B 259 RhAE KR R IE 1
by REHIETT IR RIE S AL MR TR AR R
13 BWHEMAVREEER

— AN RAL I B MAV it S AR A ] 2R
B — R 5T T EE M PR B M op H R e T HE
% B S H ] 5 S5 Migyeq R JRORH 5T B2 AH 5K ) AT AR S5
HHM.

Mgy = (1 + contigency)(Myyeq + SMF - My, (D

o contigency N E R B SMF W] A i & R4
A R o A R

— D FogEETE
+— 2) F2 L ETE (= RED .
<« 3) F2 BT (ET AV2) ’

— D) F1HEETE
— 2) F1LETE B RED 1%
< 3) YRR E (T AVD

SR E= Q+HEZRYD *EETE

2 —RAIPIEMAV TR
Fig. 2 The universal model for 2-stage MAVs

PARHG B AT B iR, R R DL
LIRBLE o e, REHF RN

Mprop = (Mdry + I‘IPL)(em - 1) (2)

Horr: Mo N8 A

L) A R 2 G RN A AE AT
it
14 sHHFRE

s K BN b eI Bk, N B RS ME
, AEKORYE B AR R T @#IIMAV EFHBIIE) )
RN

F=v 3)
u T D

=P, @)

A me miyll ™

Ti
m=—-— %)
8ol
Vil =V—WXF (6)
1

D= Ec‘clSp”vrc]”2 (7)
p=pe™ (8)

He p R ERE; vRARERE: w7 m =
PERFERI R mAMAVIEE; v AMAVIX KR HE
BE: TORBSCKETHED ) OB SCKE LR g0l
BRSPS IE s o NKE AR AR DN
SPHITIEEE R AN CoNRBIE Z25: SR ETHES
FHAR: p KB KRB, BUKERASRANE Hp, =
0.015 8 kg/m’; hy=9354.5 m™,

2 BAEMAVEIDREHNITBE ZME
MIEE

FEPRMANV I 5 5 o B d /M 0] R A S PR )
MAV I 2 5 R G 2 B Be Al ml /2. AR 48 15 2
MAVH] A7 5 B P HMAV I 73 2 5 5058 & 4k
o] R 3B B BB WEATEG B
21 BHER¥SMHHEE

T TMAV SRS BT & e /ME TR R, 3 B bR A
19 RS R E RN, T R/AMUE B B R
&, HHERRECH

J=m" (") ©9)

BTEAR AL 10 R T BT A 78 B A 2 HE T B B 4%
HEuO @) A u® @)« HATI e, L3 B
vO(r) FIBLE rO(r) o T FMAV )RR S & /M il
B, R ELE R AL I INTMAV % 2 A A
AR, & R E SRR T H IR & myep
Myropo IVBRIES, A0 AE 7 5 ) ) b S O
IRBERT ] 1, < 1, o



3 W]

PR I T O AR K R R i ETHIRFER L it 271

22 BOFELAR
HTEARBEE LT E) S EE RS . BT

MAV &4 55 I 8 dg /A 1) 850 75 0] % SRR} I gk 4T

oAk, FrUAREIN T IEFERI LR BAE RS E,

B (10> FrosmImsy 7R E s 11540 .

o

ol

p(i) —

(10)

v p Iy AL B
23 BRAR

AL HMAV S R 5B 55/ o 4% T B
UL Ay 20

1 1B

VG 2T, WA RLE r RIS B v 28, ¥
IR R R R, ]

Py =0 (11)

2) LB IIEAT B

TCEH STV AT BRIKIRTHG 2 1 F 48 1 ) B i 26tk
AU, B2 B B A A R

r2ad)-r@) =0 (12)
VO -y (@) =0 (13)
m? (1) —mV (1) = 0 (14)
P2 - pV() =0 (15)

AT EIMMAVEEA K BRENENMER, MAV
B — B AT R AT HUE M gt S AT OB R4, BP
I BRI AR AR R E A, Bl

2) (2))_ (2)( (2>)
v (tf e\

VEZ ) (t(fZ)) = ) ( t(fz))

=0 (16)
3) BiER
GRS AT B LIRSS, BT

BERER: SR P E . TR BT i MAVEEST —

K E T, YOI LG R BB 24 K F ALK AT

BIEE A, B A2 E R B S Te 3 J i AT BN

R RAREEEE IR TERE. EEALHREN

ra)-r?@) =0 (17)
v ) -y () =0 (18)
m<3)(t(()3)) + Mey1 (Mprop1) — m(Z)(t(fZ)) =0 (19)
Myt = PO (1}) 20)

R 55 2 20 3 B A BUA AT AR BRI AR BT B I E
p

vy

NG

’

Py =0 @21)

2T B b 2 A O E N HARIGE,  BIE AL 45
MIAIEE R, SPOLOUA R BEEL, (B /2 N2
%

Uiy JiT B LT RN
e(r(5).2(57) 1) = ¢ 22)
a(r(s).v().1) = as 23)
i(r(5) 0 (5) ) =y (24)
MY = Mgy (M) + Mo 25)
Moz = P17 (26)

THAE s ARG AT LE I e A8 e S I B ok 8, Rk
KL RAF B L RARELR, HIRPUIE R FEHE
Bhe; = 0s a; = Ry +howser w9 H BRELIE B RE . LR
[ T8 2 2 b T ) EE, (RIS T &
PR IR AE SCHRE TR R PE, WS OB BRNE
Wik — Ll T BRI, Eanfh R G A AR
Ko WTe g NiEzEE Bl N LR

0<e;<0.0001 27)

24 BRIEAR

DR AL Al

ZH B B AR AR AR HE ) 7 M2, PRAIEE ]
BuNBRALAE, Ao

(o)l = 1 (28)
AT LR
lrOll > Ry (29)
HELH
1
Ep”vrelnz < Gmax (30)

HEAI LR (31>, HEJI A N HE I TT 1 5 AH
XHKEEERRA, HETRM (32) For,
T HI3DoF R TR R A, FIHHE ) F 3 AU A o

() <Tpax =20° 3D
_ u(t)'vrel (t)
I'(t) = arcos (—le 0 ) (32)

2) EBNIRATE

ZB B AT LA R AL B R 2R S 5 1 5
BoE, BUOVBAMREBAHEST, BT I BCA HED1T7
[ FIHE ST 1 20K



272 TR 2 R 3

20184F

3) FUERE B

Z BUE R SUZ AT AT 7 75 1 3l e At ) 4
W, ABHE ) 77 1A A YA FE L B 1 G T BUH ]
3 SEHAEE

Oy JE T B A T RGO, FEALEE
PR E R A R, @ 7 — R ARk B s
(Legendre Gauss, LG) mi BAggthits i H 2 0k
RS B A", S B ) 2 T
RFKIEAVRE BRI E, K IR AR %07
T o X2 S A AT H b ok 250 rh B0AR 73 U v AR 4y
KB, B TR EOAREOTTRE, B0 R S
T A e A I R 8L Y 4 D AR e M K 1) AR AT SR

T e 7 N AT A ) R R 1) X 1) AN 2, 7 )25 480 3]
[—1, 111X TH], B [a) A4 gt 72

2t tp+1o

= 33

ER X T e [, 11 FBNANLG A, il L8
% — LN + I A, X — BP0 S B %
HZ mi=GUa RS SEHE, N

X =) LOX() (34)
i=0

L= [0 35

iﬁylgLﬂ_ﬁ (35)

Hrfte X (IR L (o) ks B H (a5 e 2
P B AT R W] I 2R TERR 2.
XF (34) SRR ELRZSE T I E 19 3 80y

X(@) =3 L) X (@) = 3 Du(r) X (@) (n = 1,2, N)
i=0 i=0
(36)
b, DA B )4 (B8 A S
SEF 2 (36) 1 LLKLG A J12 I R b
BT A

N
E}Dni(Tn)X(Ti)_%f(Xanan;tOstf):O(n:172,""N)
(37
Lo RS TR ZEE R BN N TR AR, KB )
77 T MHTEAE I Z AR 73 28 28 s 20 W] DAAS 3 Ao tRaS &
A8 FH v BT AR 23 AT AU AR 23 T, AT DA A 3 2 g bR A Ok

tr—t

X (Tf) =X(19) + 2

N
anf(Xm Un’Tn;t()’tf) (38)
n=1

Hodr: w, A E

T b % B R A 30 5 S5 A R S A2 2 TR T BLORE
PIZEMANV 73 4 5 5128 5 P04 1)l B i 9 AR PR
RITAD i, SRAGHH AL LRI A IR S B A2 ] B 15
NS e

4 HMESSESSH

X e 2 T e B O R I P ZRMAV I 73 2 5 50
LR a2 BRI B, ARUESH. KR
fr B VA MAV J5i 5 A5 Y 2 550 40 iy N\ A
TG H". M EAEFEMatlab 5 g 47, tHENL
CPU¥2.67 GHz Core i5, i Hil HAZBINHMAVI 73
AL R UL 2R, RIS 2] — SR AR _ETHRZE
WE 3~9FT7R.

#1 AEMAVARSHEBEMUELHERANSH
Table 1 Input parameters of two-stage MAV coupled staging-
trajectory optimization algorithm simulation

HMIANSH ZHUE
H bR I8 & /km 390
HAREUIEM A/ () 45
RIS AR (°) 0
R4HMF () 90
Ratrhisal 45
B € B kg 5.7
HIHT AR i R Y% 235
HIGARERE% 0
BIHAETIN 15632
E LA 285
HI2GR [ 5T B kg 21.3
KEBFEA TR kg 5
F2G AR B R AU Y% 18.1
H2TARTE R % 0
2 ETIN 900
H24 /s 236

F2 FEEMAVARMILER
Table 2 The result of two-stage MAYV staging optimization

MAV 4 RILE
F1HT H kg 38.19
FIFIRE BT kg 138.26
GRS 8]/ 24.72
2T Hikg 26.13
2RI R kg 26.68
H2R MR per [l/s 68.62
RRSS U R kg 234.27
BEALHHEAR AL N 8]/ 446.88




53 4 PR T T O 00 J R F T TR DA i 273
Tt i B st ] N _ >
40 210 — {6, 7655 1OFER SRR T SR AOME(E, L5 p
3s | Jr i PR 6] LA SR R FE A B, DA (R S s B
30 | - 16 H R R (B 2 i 19— AN /MEL, T B NI AT U
£ | TARFFROAERE : P O 88 L SR A 0 FR AR IA 1 2 D 60°,
£ 20 | 2GR N R TE SO LU R, 350 B HE ) £ 2 4
Just o F 935 MAV A X K R 1S fy T R 4 B 2
10 | MAVAIH R J9 %2, 35 e ) i 2 e il
0s | R ATEZE Lo
0

0 100 200 300 400 500 600 700
tls

B3 bk R [ A L h 25
Fig. 3 Altitude vs. time

AT B Vs (]
3500 - -

/

hﬁmﬁ-&j

S5

L
3000 o

=
WD —

2500 | P
N OM

2000

1500 |4

KATIHESE/ (m-s™)

1000 {f

500 §

200 300 400 500 600 700
t/s

4 TRATHEERE AR Hh 28
Fig.4 Speed vs. time

BLTE WA vsH 7]

woa A
wn S W
i .
=53
T
W —

g ()

0 100 200 300 400 500 600 700
t/s

B 5 BB A R (A1 2k
Fig. 5 Inclination vs. time

H ] 3~ ST RN AT BUN (81218565 s, MAAERILAIH
AL BN IARR I IE ] ARG, T2 N4
2.5 HYBIE AR 1R 22 B AR SR 2 AT I A B 6~7
S VG ) T A AN O L A 42,50, AR 40,50,
2 AT B B A RO HE S J7 TR HEIE T [ E DT 1 s BT
MAV [T B 7 2 B C 21X B e 52 D ] B R e e 4
0.2, BT A5 21 3l s B R ReAF 9 — A s 1 5 1k
B, B SRt TR A, 55 1 AR R R i LA

BB 1 il B vs I 7]

0.65
20
& U
U,
0.60 3 Uy
g P e
A &
0.55 M@w
0450 " i A i
0 5 10 15 20 25

tls

Bl6 55 —prBeifa il Epam A b i 2k
Fig. 6 Control vs. time for phase 1

BB 3 2l fvsInf ]

0.8

0.6 -

04 . Uy

et
[=3

0 590 600 610 620 630 640 650 660
t/s

B 7 5 =B B ] R 1] 424k 22
Fig. 7 Control vs. time for phase 2

Ak vsi ]
10 000
9000 & o E}T\% ;
3000 |8 B3
7000
6000 1

5000
4000 f
3000 £
2000 §
rooo § %

B /Pa

L SR B - OB B B - B - S —
0 100 200 300 400 500 600 700
t/s

B8 SRR (22 1k i 26

Fig. 8 Dynamic pressure vs. time



274 TR 2R 2 A 20184
HE S ffrvsh [] . .
60 |, prospects for Mars exploration[J]. Journal of Deep Space Exploration,
WrEcl 2016,3(2): 108-113,
50 [4] REGNIER P,KOECK C,SEMBELY X, et al. Rendezvous GNC and
~ 10 system analyses for the Mars sample return mission[C]//56th
Z International Astronautical Congress of the International Astronautical
E 30 ]' Federation, the International Academy of Astronautics,and the
"‘% 20 { International Institute of Space Law. Fukuoka, Japan: IAF, 2005.
® [5] WHITEHEAD J. Defining the Mars ascent problem for sample
10 ‘ return[C]//AIAA SPACE 2008 Conference & Exposition. San Diego,
0 & : el California: ATAA,2008.
0 5 10 Is 20 25 [6] LI S,JIANG X Q. Review and prospect of guidance and control for
t/s Mars atmospheric entry[J]. Progress in Aerospace Sciences, 2014(69) :
o o ) 40-57.
Eq o ﬁlﬁ?ﬁﬁﬁﬁﬁlﬁﬂj]ﬂ}{%ﬂﬂj [77 DUKEMAN G A. Atmospheric ascent guidance for rocket-powered
Fig. 9 Thrust angle vs. time for phase 1
launch vehicles[C]//AIAA Guidance, Navigation,and Control
W EFE AT, IS ME S E TR Conference and Exhibit, Guidance, Navigation, and Control and Co-
|j‘] FL*)U@EX%‘IK HE‘_IIZE %97 min V‘] Wﬁﬂ( {% @Jﬂi'ﬁt o % , it located Conferences. Monterey, California: AIAA, 2002.
[8] LU P,SUN H,TSAI B. Closed-loop endoatmospheric ascent
J A1 (0624
ﬁ)l%f;@'fniﬁ 10752 guidance[J]. Journal of Guidance Control and Dynamics, 2003,26(2) :
+ S 283-294.
5 & 8 . 4 .
[91 SEYWALD H, CLIFF E M. Neighboring optimal control based
L/L)(E 373 ﬁg IE] EE% EP E’Jﬂﬁ%ﬁk%iﬂ%&ﬁﬁﬁn feedback law for the advanced launch system[J]. Journal of Guidance,
. N Control, and Dynamics, 1994, 17(6): 1154-1162.
X i b 1 v v AP S - . e
T8 A RO Bt 7R 5 2 SO TP [10] SBEE T, )&, G —, &5, FE TR R R M 10 K B A Bl o il ) 5
ZMAV I RSN A 2 B EE, DR AR SEWSHIE [T, TR 2 244, 2015, 2(1) £ 61-68.
5t E /NI EMAV 3 251 DA S RFE S L I B GUO Y N,MA G F,ZENG T Y, et al. Mars precision landing guidance
i—mi’lﬁ 1§ﬁ/£/{d‘MAVEI/J Zﬂﬁfﬂc %Zmﬁﬁﬂ’f'tﬁ%Afg strategy based on fuel optimal solutions[J]. Journal of Deep Space
Exploration, 2015,2(1): 61-68.
b ASTH A 2 S K TF AR v
E’ %FFH%T Hi ?Z: cE EI/JJJ e iﬁ%ﬁ?yﬁhﬂﬁ[‘{%%{i [11] BETTS J T. Survey of numerical methods for trajectory
LI&@Z EI/J IEJE_» ° ﬁﬁﬁﬁ%ﬁﬂ uf'%'tiﬂ ﬁD F%ﬁ?o optimization[J]. Journal of Guidance control and dynamics, 1998,
1) AR F B, FIMAVEI 1508 21):193:207,
12] PATTERSON M A,RAO A V. GPOPS-II:a Matlab software for
BT — RO 0 A i o 22 52 L. :
. p N U b o DL solving multiple-phase optimal control problems using hp-adaptive
2) WM/J\%’&MAVEP{TEI E,:JﬁTIXEFFﬂ )‘j‘ Gaussian quadrature collocation methods and sparse nonlinear
BNV K A T RN SR AR R B programming[J]. ACM Transactions on Mathematical
3) i th A0 M S T AL 6 0 R P Software TOMS) 2014411 1
[13] #AtE, SR, T Gauss il i2: (118 1438 8k #i BT BrL g
HABSRM &, HIWSCEBEE R, J7 Ttk
. PRATIFE[T]. FRFHR, 2011, 32(1D): 15-21.
LB{J%”&MAVWVF%,{{‘ ° YANG X X, ZHANG W H. Rapid optimization of ascent trajectory for
2'§ Ifﬂ % ):E T p5S Zi E‘J Df"i B,i /J\ n W‘ﬁ Hf’fjﬁ ’fllf jj Ié solid launch vehicles based on Gauss pseudospectral method[J]. Journal
B e b i KR 2T L FF B i 1) S, T AR 52 R B of Astronautics, 2011,32(1): 15-21.
. 14] COSKUN E C. Multistage launch vehicle design with thrust profile and
A 2 4 AR :
b s HJ 1A RS, ERG
Hﬂ EP %fg _E & j‘ I j )‘(Qazfjl]\_%& Mtk J iR ~ . trajectory optimization[D]. Turkey: Middle East Technical University,
# ’ﬁﬂ.% ﬂiﬂ%a;g%fﬁMAVJ:ﬂ'ihﬁﬁg%"K’EHETE 2014.
FrACAL it — 2 R T o [15] BENITO J, JOHNSON B J. Trajectory optimization for a Mars ascent
vehicle[C]//AIAA/AAS Astrodynamics Specialist Conference. Long
s £ x W Beach, California, USA: AIAA, 2016.
[16] O’NEIL W J, CAZAUX C. The Mars sample return project[J]. Acta
[1]  JONES A. Achieving Mars sample return on a single ares V launch[D]. Astronautica, 2000, 47(2-9) : 453-465.
Alabama: The University of Alabama in Huntsville, 2010. [17] FERREIRA E, AUGROS P,ORTEGA G. GNC design for a Mars
[2] MATTINGLY R, MAY L. Mars sample return as a campaign[C]// ascent vehicle[C]//6th International ESA Conference on Guidance,
Aerospace Conference, 2011 IEEE. Big Sky, MT, USA: IEEE, 2011. Navigation and Control Systems . Loutraki, Greece: ESA, 2006.
[3] T EZ, hEM, Gk, &5 KB TR S5 AR R2 [18]  HEARE, FEHE, VEWLTR, 46, T N KR BUREIR [BIE 55 R BE A1 2 M (0]

PR 24, 2016,3(2): 108-113.
YUD Y,SUN Z Z,MENG L Z, et al. The development process and

R AR, 2016,3(2): 114-120.
MENG L Z,DONG J, XU Y Q, et al. Analysis of key technologies for



F3M

PR I T O AR K R R i ETHIRFER L it 275

[19]

[20]

[21]

unmanned Mars sample return mission[J]. Journal of Deep Space
Exploration, 2016, 3(2): 114-120.

WOOLLEY R. A simple analytic model for estimating Mars ascent
vehicle mass and performance [C]//Aerospace Conference, 2015 IEEE.
Big Sky, MT, USA:IEEE, 2015: 1-11.

YLF5 58, KA E VAT T KR BEN mks B2 & ST 0T 5 [D].
P A R AR K 2, 2015,

JIANG X Q, Study on high-precision integrated navigation technology
for Mars entry under large uncertainty[D]. Nanjing: Nanjing University
of Aeronautics and Astronautics,2015.

WHITEHEAD J C. Trajectory analysis and staging trades for smaller

Mars ascent vehicles[J]. Journal of spacecraft and rockets, 2005,
42(6):1039-1046.

YE#H TR

PRGN (1992, 55, WL A 704k, 3 BERF 9007 11 = KB SRAEIR AT 55
S S

FRA978-), T, #4Z, FEWFILIT ) LR A2 I S HEm R
TRIMEAR IR 2 A SCEE IR

A b« YT 548 R T BHE 45295 R S A R K MR 2B
(210016)

FHifi: (025)84896039

E-mail: lishaung@nuaa.edu.cn

Minimum-Fuel Mars Ascent Trajectory Design Based on

Gauss Peseudospectral Method
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Abstract: Mars Ascent Vehicle (MAV) design is closely related to trajectory design. However, the existing method mostly

decoupled the staging optimization and trajectory optimization, resulting in computational inefficiency and poor robustness. A

coupled staging-trajectory multiphase optimization algorithm is proposed in this paper for a two-stage MAV design. Considerin,
p ging-traj ry p p g prop pap g g g

given vehicle, mission, path and control constraints, the objective of the optimization algorithm is to minimize the Gross Lift-off

Mass (GLOM) of the two-stage MAV, and the algorithm is based on Gauss pseudospectral method. By using this algorithm, an

optimal staging design is obtained, and an optimal trajectory is designed to minimize propellant consumption simultaneously. And

the algorithm solves the problem that trajectory optimization algorithm couldn’t converge due to the unreasonable MAV staging

design. In addition, numerical simulations show that the coupled staging-trajectory multiphase optimization algorithm have good

robustness and strong convergence.

Key words: Mars sample return (MSR) ; Mars ascent vehicle (MAV) ; coupled staging-trajectory optimization; Gauss

pseudospectral method (GPM)
High lights:

e A method of coupled staging-trajectory optimization is built,

its optimization objective is to minimize the Gross Lift-off Mass.

e The coupled staging-trajectory multiphase optimization algorithm is established based on the Gauss pseudospectral method.

e The algorithm solves the problem that trajectory optimization algorithm couldn’t converge due to the unreasonable MAV staging

design.

e The algorithm has good robustness and strong convergence.
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