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Fuel-optimal Landing Guidance and Control for the Reusable Launch Vehicle Based
on Trajectory Optimization
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Fig. 1. Graphical Snapshots of RLV Nautical Landing Simulation
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Feasible Attitude Angle
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Feasible Thrust Vector Glideslope

Fig. 2. Examples of Constraints Required for RLVs
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SYAS Moo MY ERTAS EslE A MO HAAES &= Indirect YU 012 =X 2HEF 2H2
HEGI0 22X 42 FAgols HED MO LBES TE=0t= Direct HEOl JUCH LAMS FR0Ues SHS
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Objective: winitize J = ¢z, 1)+ [/ Lz u)t
u
: . . (1)
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g.(z,u) <0, i=12...m
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Fig. 3. Methods of Optimal Control Problem Discretization
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Fig. 4. Flowchart of SCP
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Fig. 6. Flight Sequence of the Typical Reusable Launch Vehicles
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r(t;)=[0,0,01", w(t;)=[0,0,0]" (8)
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Table 1. Guidance Design Parameter
Parameter Value Parameter Value
i 0.05 [*] Plim 12 [kPa]
0.95 5 [deg] Omax 3 [deg]
H= e HE CHAH: 101 [#]
3,ift<t;—3 N
Biim 5,elseif t < t; — 6 [deg] (tZeh =2 =) F=ZE Al 21[+]
15, otherwise
=== ’—_—|')4|:15 P Tmax _Tmin
S O [deg] Tiim 2 [kN/SeC]
QR 8,105 [*] temin 7.5 [sec]
thorz 10 [sec] MPC =D| 4 [Hz]
THALE LA ZEHE

2 AI0AE AISY0olE0 AMEE THAIE ZAN ZE2 S22 2AIH (KSLv-I)el a2 &ZEoko
HAGIAH, AH st=2E LA E8& KRE-075 X 518 Z2HAHAUS FHHZ 22 oIUCH WA
SEALHICS THERIQ 2 =& P2 E 50 AR S0 AZEE JIs0l Us 1009 XS AI2otE= EH6HHCH
St THAFZ ZAM 129 ACH)l 22 YIi RCSE HiXIGHN 2 =2 JRZHHAS XMO =S 25320,
5 HEO MOHE= Landing LegE FOIoIQUCH & AZUA =28 Hiile &5 AWM A0l MES & 2|
SRl OXI2 222 MOot=0 88510, RCS= HF AN 222 Moot=0 28&H &5 HAHUAS
X2 L2 TVCE Soll MOSCH ol TVC RSJle 2k &8 AlAdoz Ddal 510 AIZ2d0l& A
AEEEAD, 2SI UHE=ZY RS LSBT HES S2 KSLV-IE |RAS gtez SFGIRUCE. 2 AZEE
S8 JIEY HAIE ZAMES AZEEY D=0 ol SHE X2t 01 R0, 11X AIABSZ ZAGHD
AMA=E o2 HAAHGIUCH HHE THAIZ ZARM 1S XIAHIst 4 L HI;S ofehet 201 g %= UL,



Fig. 15. Configuration of the Designed RLV

Table 2. Specification of the Designed RLV

Parameter Value Parameter Value
E Y 22,533 [kg] A == 298 [kN]
X EY 15,533 [kg] 2O == 745 [kN]
Az A 7,000 [kg] LA M E 22.84 [m]
HI == 304.06 [sec] SALM 2 &E 3.7 [m]
a3 =4 745 [kN] Lt &84 1.1 [m]
TVC U= 6 [Hz] T, 0.3

dAE A5 R 2 MO 2neld JI2Ee 45 gototll S22 F40H0 Adh MAIE ZAMDIE =T
oA WMENM 7= JIsS0l B2 Case 13 JI=0l 2 2 Case 2 & JHNE HAESIH AlZd0l&ctD, Ol
2 Z2HE S4HGIUCH =I| THS Ofel E2F 20
Table 3. Initial Conditions for Case 1 & 2
Case 1 Case 2
Parameter Value Parameter Value
I [—0.6,0,—5] [km] 70 [—0.53,0.05, —5] [km]
Vo [44,0,272.5] [m/s] Vo [44,0,272.5] [m/s]
®o 0 [deg] o 0 [deg]
6, 99.2 [deg] 6, 99.2 [deg]
Yo 0 [deg] Yo 0 [deg]
wp,o [0,0,0] [deg/s] wp,o [0,0,0] [deg/s]
Case 1
Case 192 =J| =22 g A8 zAE HH @4z e IS0l He ERXR6HAI 21, =8 ZZos Sl
HIUEES ZHotIl E0I8 Ola4FQl XZ240[CH Olol CHeh XtAlgt AlZclold ZWE Fig. 1601 ZAIGHRU2O
Xl E e

Obeh et 2Lt
ry =0.0249,-0.0425,01" m, |v,|=021m/s (35)

|
Alselold 21 25 9



> o
Trajectory
Descent Phase
Landing Burn
4000 = = =Planned
— 3000
g
= 2000 |
1000
04 r, [m] 210 210 ry [m]
0
[m]
(a) &5 A
Euler Angles
100 —
o - R
3 90 : =
= i
80 !
i , .
d 10 15 20
0.2}
o 0r -
=
021 :
¢
04F = ' '
a 5 10 15 20
Time [sec]
(c) ZAA XrAI2
oy X 10* Masls Profile dprlng Lanldlllg
Result.
- — Planned

10 15
Time [sec

|
(e) LAH 3 2

Ln

08

Throttlc [*]

027

[deg]

]
(3]

[deg]

Q. [deg]

0.6

(3]
T

Result
- -MPCcmd
= = =Planned
0 5 10 15 20
Time [sec]
(b) AT AZE
TVC 4§, Yaw
0 5 10 15 20 25
TVC 4, Pitch
—
0 5 10 15 20 25
Time [sec]
(d) TVC =2
Total Angle of Attack
Result.
= = =Planned
0 5 10 15 20 25
Bending Moment
0 5 10 15 20 25

Time [sec]

222ty Uy 2UE

(f)

Fig. 16. Simulation Result of Case 1



Z-l_l

[N T
10
Hn

0

>
Q
ne
kJ
o
Ol
o
o
%
40
>
30)
>
=
2
H0
ikl
kJ

}'-l_l

m
>_

oA
10
i3
H
=)
(@]
==}
ry
o [
Ql
|0
Hu
S ox
o 0
HoJA

FO
K
21

yre =
o 2 re
moox
> 32
0lo
mo
ue
1>
30
o
A 1A
U o
Jn
3]
=
10
E
paal
N
o
©

=)
=}

in
02
o 1

m <2 o |
0
i
P}
62
p=]
e
0
A
=
bl

10 M M
<
bl

o &

[
= N g
L
o Hm
e
o

%
g

1

M

y

M

=

M

om

rol

o Mo 2 o iy rin

e

02 N

ol

S
Mo
>
==

o o
]
1
20 i
O
=
é
e
Pl
o
=)
Jal
o

Pal

=
]
m
>

A ton

=
0z
for
J

2]
=

(Sl ]
e ue [ i

=1
rr
b
S

i~
>
=
=
1
2
.|
0
to
>
g
e
re
2t
|0
HU
[l
0z
Qﬂ
rr
__(T\_
=38
=
T
0z
o
N
4
o
S

M

o
S
JA

lo 0

ol

Y

0z

0o

rr

>

pall
z

ol

Ct. &8, MPCOIA E%% AA2t HE2 Hdg HIODI_I Qe I AIAS0
AHAIZE EE0101 W20, MOooI2 M2 =5 SES 1aot0 A2

29
i
o
>
il
Qvﬂ

B
<
0
@)
02
oY
o
H
Z
0
e
>

>
o
i
T yp:
0x
|0
HU
ro
%
e

n < 0x =2 12w o
o
=)

or = H 4 =
e Jd 1o o ;N

0

e

o rE o

ton
o oo

o

-

@

>

D

2 F

T oy

Mt

>

$0

o

U
k-

| 32, ARS YOI JIE ARDJS 0Dt EWHUT 275t AR A SAHUM C&E

= 2019t bang-bang KOISH SABHH ALSEIOL HE ALK GG ==
of HEJ AREYCH WM, HAE HE RE 2 MO Il §2 22
| & 9l

>

B
2
0x
oo
It
=)

Mo k>

A2 QTUAME SCP ZDelES =i AR H=FE Al#GHCSZ,
=0|g|0{0F BHCH 2 ¢9 AIEH0IMHAE A2 SOCP £H Q2 Mosek®2 AtZ5HH A
A= HE L == M KO 2HMZS SCP ®HOZ G2 T=oIYD, ST BHO 7 CPUS JIX HAIE
SE0HA =ES FUCH Ofel= Case 12 HE HE SHHOA *99 HAE AI2EDE SCP iteration == 2
0.378%% 73/0lM, Fig. 160l= X == SHHOAS AL HAH AI2FDE SCP lteration 22 HAIGHRLCH.

am
=
02
Ol

Computational Time SCP Iterations
. . . 15 " .
0.12 ¢ 1 )
0.1 ]
10t
0.08 1 5
o =
g £
Z.0.06 F 1 5
z
0.04 1 | | l '
0.02 1 [
0 . . . 0 . . ‘
5 10 15 20 25 5 10 15 20 25
Time [sec] Time [sec]
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Table 4. Thresholds for Success of Soft Landing
Parameter Threshold
77l < 3.0 [m]
[l < 2.0 [m/s]
167, ¥rlll < 3.0 [deg]
[l |l < 5.0 [deg/s]
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Fig. 20. Scatter Plot of Initial Conditions
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Fig. 21. Trajectories for Various Initial Conditions
Table 5. Statistics on All Terminal States
ALK =E AES
BH=s £ Xl Xt [m] = 3| [m/s] 25 [deg] 2= [deg/s]
T =4t H =4t T =4t s =4t
=J| fXl | 0.8211 1.13 0.4409 | 0.4416 | 0.8607 0.404 2.6042 0.907
=J| 55 | 0.8015 | 1.0672 | 0.5482 | 0.5377 | 0.8315 | 0.3872 | 2.5993 | 1.0516
Table 6. Statistics on Failed Terminal States
SALHl =S AMEH
BHE =2 X Xt [m] =T 37| [m/s] 2tE [deg] 2AE T [deg/s]
A 4 H =4 A =4 H 4

ZJ| 2IX | 1.317 | 0.2962 | 3.2716 | 0.5681 | 1.7838 | 0.2501 | 4.2775 | 0.6048
FJl & | 1.611 | 0.2981 | 3.2379 | 0.4282 | 1.7215 | 0.3018 | 4.4979 | 0.552
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Fig. 22. Scatter Plot of Disturbances and Model Errors
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Table 7. Statistics on All Terminal States
ALl =5 AEH
BHE =2 X 2x [m] =T 37| [m/s] 2tE [deg] A= [deg/s]
H 4 3 =4 A =4 H =4
== Hl== | 0.0183 | 0.051 0.3006 | 0.0933 | 0.6592 | 0.0594 | 2.0294 | 0.14335
3= 1.6145 | 1.557 0.6818 | 0.4974 | 0.8362 | 0.4975 2.64 1.1988

Table 8. Statistics on Failed Terminal States
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Ha =4t Ha =4t Ha =4k Ha =4t

=23 A= - - - - - - - -
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