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ABSTRACT

In this paper, we propose a lunar landing scenario of a robotic lunar landing mission and
implements an optimal landing trajectory at the powered descent phase based on the
proposed scenario. The change of attitude of the lunar lander in the power descent phase
affects not only the amount of fuel used but also sensor operation of image based
navigation. Therefore, the attitude angular velocity is included in the cost function of the
optimal control problem to minimize the unnecessary attitude change when the optimal
landing trajectory generates at powered descent phase of the lunar landing. The influence
of the change of attitude angular velocity on the optimal landing trajectory are analyzed by
adjusting the weight of the attitude angular velocity. Based on the results, we suggest the
proper weight to generate the optimal landing trajectory in order to minimize the influence
of the attitude angular velocity.
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Fig. 1. Lunar Landing Trajectory Scheme
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Table 1. Lunar Environ

mental Constants

and Thrust Values

Parameter Value
Moon Gravitational 3 9
4902.78 km?®/s
Constant

Moon Gravitational
Acceleration

1.62x 10 3km/ s

Moon Radius

1737.4km

Moon Angular
Velocity

2.6632 < 10 %rad/ s

Earth Gravitational
Acceleration

0.81 %< 10 *km/ s>

. Thrust 1220
Braking (N) (420N x1+200N x4)
phase Isp. (sec) 296

Thrust 800
Approach | (N) (200N *4)
phase Isp. (sec) 285

Table 2. State Boundary Conditions

Braking Approach
State Phase Phase
to t t ty
7 (km) 15.24 5 5 0.1
0 (deg.) Free 9f Qf Free
v, (km/s) | Free | v, v, 0
o (km/s) 1.695 Uef Uof 0
m (kg) 4603 | m, my Free
of =8 A 700kgel BAFAl g
o](phasing loop transfer)E %3 do =2 %
100 x 100kme] AAEE A E & FxHA =0l
AP T HEAGA AR E A EHoo)A s
o HAF A% golth. AFxd ke AFAF
G A EF ZE 100meol™, W ES 714 e
of #3 4 A HEE 002 dAsdon
F AAZe AW $1 g -90°= A

STt

Table 3& Xﬂoﬂﬂf‘r‘i F93 =
7z

AgtzAS e th

HAd 9 100%= J—Pr *P
2 A% 30%~100% Ab
A 2 & T = 2HE A o) A
A= £2 deg./s HIZE A

Az e
g ge gEuAdAE
§3hm, gl

L3l =E A gttt
1] deg./s, HZEA
Ela o=
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Table 3. Control Boundary Conditions Table 4. Flight Time
Braking Approach
. Approach
Control Braking Phase Phase W phase phase Total
T (%) 100 30~100 t;,(sec) t; (sec)
B (deg./s) -1~1 -2~2 0 4415 1137 555.2
100 4476 105.7 553.3
32 JtEAol we HEHH zHxs g X0 M8 . ot
A 1000 437.6 153.9 591.5
= 5000 4741 233.4 7075
7VA G o] E3E AAAEE TrEH mE 10000 4705 317.3 787.8
A3 A5A A vAE FFS B A

7beAE 0, 100, 500, 1000, 5000, 1000022 Z
P71 HHsk s Adsen ol

g 1%, FHolE7 e (downrange), +4 H
FREE, AL, AAGEE A, FH U
Wsts AT 7k A 02 X}*ﬂ”’\cﬂ 7}
Aol XFEA FUS A5 o g
321 IE, H#AIZE ! £ #HEl B4

AA ALz A o k= 8l gy o
78 WE, e g 4 Sx wstE 248
o Figs. 3, 45 AAAERE 745 mE AR
of Bk 9AE e 9 5 o s Y] Wa 1
ZE veRdTh 2 A Ade A A

Altitude [km]
5

0 100 200 300 400
Time [sec]

Fig. 3. Time vs. Altitude Variation

20

a

Braking(w—0)
—=-—=- Approach (w=0)
Braking(w-100)
—=-—-= Approach (w=100)

- Braking(w=500)
— = —= Approach (w=500)
Braking(w=1000)
5 | |—==—= Approach(~1000)
Rraking(w=5000)
—=—-= Approach (w=5000)
Braking(w=10000)
Approach (w=10000)

Alfitude [km]
=~

0 100 200 300 400 500 600
Downrange [km]

Fig. 4. Downrange vs. Altitude Variation

ofmgtet. 17l ]
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50]

54 Aol 74 FEHAA JERA kes
& Mﬂr 74EA7F 10008 Fol 7FE (L ol A

5000, 10000) &5 A= AA7F ety o H Y
A7 600% o)A 2 ZErhat weta 7hE A
7V 71 RS A SotEtE AS O
4= Qlth. Table 4o 7}5x F7bel wep @A
?“e‘x]%ﬁ”}x] 285 v PASE A
Figures 5, 62 7F&% &7kl digk dAE &
W Y g4 &% gt g zE YERdT Table
50l 7}5A F7tel wE GAE FUR o A9

2000

Braking(w=0)
—=—= Approach(w=0)
Braking(w=100)
—=—= Approach(w=100)
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— === Approach(w=500)
Braking(w=1000)
— === Approach(w=1000)
Braking(w=5000)
— === Approach(w=5000)
Braking(w=10000)
Approach(w=10000)

1500

1000

Horizontal Velocity (V. H) [m/s]
n
S
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Fig. 5. Time vs. Horizontal Velocity Variation
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-40
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Fig. 6. Time vs. Vertical Velocity Variation
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Table 5. Horizontal and Vertical Velocity

Braking phase Approach phase

w Vi Vy % Vi Vy
(m/s) | (m/s) | (m/s) | (m/s) (m/s)

0 247 -56.6 | 253.4 0 0

100 2195 | -60.6 | 227.7

500 2258 | -60.9 | 2338

5000 | 1529 | 328 156.3

0 0
0 0
1000 | 2624 | -58.0 | 268.7 0 0
0 0
0 0

10000 | 1908 | 64.8 | 201.5

g o< ) 2~
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B Sl e A
O EEE AN FAEE
FoAth ol Fig. 3elA %=
ho13k = glEo] =T} 7HAS T thA] Ass)
T AEE 7HA7] Wi Aoz EAEHh
& 3 XM ZE HE B4
XMP#%£ 7VeA 7k mE AAGEE 3
A2 AstE B39 Figs. 7, 82 7FsA ol
wE AlZbe] did dAE AATAEE P AA 7
W3l 2 =ZE e R4 Bzo]l &
AeA el AAZtEEel Fi W& 0001142
deg./se] 11, AAZF W3}= HI - 1542 deg.©
VA TE St TE AAMTE R Ho HsteES
F7tetder. Ao2dAdA s AAAEEE Fd
0.010157 deg./s® Z&HAHT= AT 7HFX
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Table 6. Attitude Pitch Angle and Averaged
Attitude Angular Velocity Value

Braking phase Approach phase
w 3 s 3 s
(deg./s) | (deg.) | (deg./s) | (deg.)
0 0.0011 -156.6 0.0103 -90
100 0.0011 -154.9 0.0106 -90
500 0.0012 -153.3 0.0101 -90
1000 0.0012 -152.8 0.0076 -90
5000 0.0013 -140.8 0.0037 -90
10000 0.0014 -140.1 0.0027 -90

T

S
3

00)
w=10000) [ e

Attitude Control (u)g) [deg/s]

0

Fig.

100 200 300 400 500 600 700 800
Times [sec]

7. Time vs. Pitch Attitude Angular
Velocity Variation
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Table 7. Mass and Averaged Thrust Value i
Braking phase Approach phase 1200
W = —
Mass(kg) T(N) Mass(kg) T(N) _—
0 274.7 1220 242.2 807.5 3 I 70
17 Braking(w=100)
100 | 222 | 1220 | o419 | 8095 £ P ot
B - Approach(w=500
500 2729 1220 240.3 705.2 600 B,akmw}m%f?,))
IS Loty s
1000 276.4 1220 238.1 672.8 400 _-_.5;‘;,:;::5(:‘:&0}), A
5000 261.0 1220 227.3 4324 - Approach(w=10000)
10000 | 261.0 1220 227.3 4324 0 200 400 600 800
Times [sec]
: Fig. 10. Time vs. Thrust Variation
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A AAE T W AL AEAN s wa wande) dpaEA Y A
3 X =7 1
date] A2AAAE AT FA AL AN g g ge we wAsE A4 97
100%S AF&3th o] AojHFo AIRAS o = o s A Al w E
doeAdAE Adide gsns wge L ool AEAR AR
:‘a o ;E; = mz “;ﬁ v OE detectlon and avoidance) 7] &< ﬁﬂ x}xﬂvx]
oF S Z] L AN = = VZ_ 6’
7HA] ;(ﬂ’g{_?_ dad A M= 7Fs A7) 7} sto] ®U} ﬁ;\e];ﬁlgi :rL?‘ﬂi@]'% ‘4;5_'§]_ Ea= S|
2 gt FH Ve FaEe A4S & F %l AAZ 83 o Aot}
ool AFAN FAREE AAZEE Wy 0
7 AgtEo] gAg A MES o 5AN A =
sty We Ul AAE 24 AAE FAHE = 7l
o2 M5 el oA # FH avie &
ARE EQb e Y Abgo] A &E o] HPAHE 2 dTe e BHEAN e ‘G
Z7letE Aom BAHEY AFA@ERIEE): & 'L 29 A7) 7k
(SR18043)” A AL& 3 A=A
v. 2 B
References
o] =RolAe ¥ 2% dFE {8 1y
3= GHE AU 02 Aoksla AtE AuE 1) Park, J. I and Rew, D. Y., “Study on

AHe AASAT Azt AakE 1Ealr] 918

|
&g JHAG el Edsto] ol xAs
7] $1% b A7E HA s A5 A v A=
FE AT 42 AAZ
S ANAFE 54F AR Fol
254 S 7HAARE ol = Qe F
2 ARESA ¥ o
A8FE HPAIFS oA E o
t} olE Z3Ho=r HAUFYS
1000 mRke] W9 el A g sfoF sl o
AdE 7HEAE 10002 A%
‘a/\g‘g} oFA A ol BRI
E /IR E FEAAS Ao o
AztEw Wt A4 &8 98 u
E gRE 2% 27 g A%
5 Rk

AA TSR

(

Ag AL 7

R = A e

— ol 12 b b e oly

o2,

A

WL

il
tm_
TR > or2 oo R

£oyo L o (N rr 32 2 fo ottt of

[}

&,

o
hs)
o fL

Delta-V and Fuel Mass Analysis of Korean
Lunar Lander Mission,” Proceeding of The
Korean Society for Aeronautical and Space
Sciences Spring Conference, 2017, pp. 354~355.

2) Rew, D. Y., Park, J. I, Lee, W. S, Jo, J.
H., Son, K. J. and Kim, ]J. ],
Concept for the Robotic Lunar
Proceeding of The Korean Society
for Aeronautical and Space Sciences Spring
Conference, 2017, pp. 356~357.

3) Hawkins, A. M., Constrained Trajectory
Optimization of a Soft Lunar Landing from a
Parking Orbit, Massachusetts Institute of
Technology, M. S. Thesis, 2005

4) Sachan, K., and Padhi, R., “Fuel-optimal
G-MPSP Guidance for Powered Descent Phase
of Soft Lunar Landing,” Proceeding of the

“System
Landing
Mission,”



46 & 5 9K, 2018. 5. 5ol da5M FEAAANA AALEE ol - 409
IEEE  Conference on Control Application Considerable Sub-Phase,” Journal of The

Conference, 2015, pp. 924~929.

5) Park, B. G, Lee, C. H., Sang, D. G., Kim
T. H., and Tahk, M. J., “Study of Trajectory
Optimization for Lunar Landing,” Proceeding
of The Korean Society for Aeronautical and
Space Sciences Spring Conference, 2008, pp.
1484~1488.

6) Park, B. G., Sang, D. G., and Tahk, M. ],
“Trajectory Optimization of a Soft Lunar
Landing Considering a Lander Attitude,”
Proceeding of The Korean Society for
Aeronautical and Space Sciences Spring
Conference, 2009, pp. 722~725.

7) Jo, S. J., Min, C. O., Lee, D. W. and Cho,
K. R, “Optimal Trajectory Design of
Descent/Ascent phase for a Lunar Lander with

Korean Society for Aeronautical and Space
Sciences, Vol. 38, No. 12, 2010, pp. 1184~1194.
8) Bryson, A. E., Applied Optimal Control :

Optimization, Estimation and Control, CRC
Press, 1975.
9) Patterson, M. A., and Rao, A. V.,

“GPOPS-II. A MATLAB Software for Solving
Multiple-Phase Optimal Control Problem Using
hp-Adaptive Gaussian Quadrature Collocation
Methods and Sparse Nonlinear Programming,”
Journal of the ACM Transactions on Mathe—
matical Software, Vol. 41, No. 1, 2014, pp. 1~37.
10) Patterson, M. A. and Rao, A. V.
GPOPS-1I: A General-Purpose MATLAB
Software for Solving Multiple-Phase Optimal
Control Problems, User Guide 2.3, 2016.



