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Unpowered Landing

Powered Landing

Winged Gliding

Recurring consumable
&
Recovery method

Additional weight in
ascent

Landing facility
Recurring consumables Chute repack
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Liquid Propellant

Hybrid Propellant

Fuel and oxidizer margin for Fuel and oxidizer margin for
landing landing

Landing pad Landing pad

Reinstall solid fuel
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Solid Propellant
+Turbojet Fuel

Fuel
margin for landing

Landing pad
Reinstall solid fuel
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Payload Separation —— Apogee 30-50km

r Model Pridictive Controller(NMPC)

r \anr

] [ NMPC
]| pode Pridict and an Ascent
ﬁ [awppadgg \M u= (0,0, = [wp.

Ascent  Landing

Scenario | Scenario Il Scenario Il Scenario IV

Landing error v o v . 11V, -82.7%
€2y (605) 1.9387e-01 1.2430e-01 2.0241e-01 3.4680e-02 ISV, -72.1%

Fuel consumption o " o . 121V, -6.3%
Am(O — 605) 1.7344e-01 1.7537e-01 1.6294e-01 1.6245e-01 SSIV, -7.4%

Positon error 1->1V, -15.9%
e, RMS 1.1167e+00 9.8689e-01 9.0710e-01 9.3932e-01 ISV, -4.8%

Legend

Highest
performance

Worst performance
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Description.

Body-fixed frame
Earth-fixed NED frame
Local frame of ith Turbojet
Center of gravity
Gimbal for TVC

Description.

Index
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Symbol
P
R
F
M
T
o
J
m
n

Position vector
Rotational matrix
Force vector
Moment vector
Max thrust
Throttle fraction
Inertia matrix
mass
number of Turbojets

X load vibration

(Y axis rotation) \ :
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* TVC mOdel Index Description.
f, " Body-fixed frame
n F e Earth-fixed NED frame
[F _ i i Local frame of ith Turbojet
M - T; X Fl — Hi 0 Turbojet compressor
i= c Center of gravity
f Fi ) Gimbal for TVC
Fi = Ri 0 Symbol Description.
0 P Position vector
iy . f f fr ] _ R Rotational matrix
H; = Wri X Hi + Ri HO.i' HO.i - ]O,in,i F Force vector
f _ p. ] M Moment vector
Ri - Rl( 51)Ry( SY)R’C( 6") T Max thrust
o Throttle fraction X(Forward)
. . . T AN, ] Inertia matrix
« Gimbal kinematics B2 ()5, 6, - Mo
A It s = AFAY. n number of Turbojets
« TVC Exl — L= l—=| %I:(X_'"T o T) 6x u Input commands
. Z(Down
* Gimbal model (Down)
— A —
- AE HE Uk § MO = AT
Y(Right)
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Param Description.
ks ky, k, Body-fixed frame 10
IF;ll = kyq ”wg,i” e Earth-fixed NED frame
d d i Local frame of it" Turbojet o
de ot 0L g ot 0 Turbojet compressor — 6}
Jo. = inillFilll/kz c Center of gravity =S
0=t 0 dr T ky 5 Gimbal for TVC 8 41
max(wg;) 4084 rad/s w
A = — ————
o MBS Ry ky B N [
- 7t8: L
I, = Fi 20 10 20 30 20
O T IF t[s]
f
H), =Hol, k;=2
. EHX
—k
o = ( I|Fill ) ’ i = max(||F;l) T
0 i =\ ———irn ) 1= 2
! max(”FLH) max(wo'i)z %
@
5
Param value. Unit =
kq 2.2e-3 [N/(rad/s)]
ky 2.0e-0 -] 3 . . \ .
r [-6.59e-€;-9.68e-2;6.05e-2] [m] 0 10 20 30 40
] 1.30e-6 Kg-m? tIs]
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0 10 15 20 25 30
t[s]
10~
z
8 °I
ks
0= T
0
1~
= —— Mx meas
z osf- T T e Py e
2 o
§ 0 llr; > - — — — — Mz pred [~
TE I I Y s R I J
0 5 10 15 20 25 30 35 40
t[s]
l M
3 0.05 X gyro
" X | L | o -4
RMSE [Nm] M, M, M, Avg. g | | il ! T |
EEE] 13162e-2  1.1812e-2  1.8065e-2  1.4349e-2  =""[ 1 J , , , , J
Gyro Z&# 7} 1.3169e-2  1.1506e-2  1.7897e-2  1.4191e-2 0 5 10 15 20 2 30 3 40
ARMSE 6.6193e-6  -3.1402e-4 _ -1.681le-4  -1.5850e-4
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