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Trajectory Optimization and the Control of a Re-entry Vehicle
during TAEM Phase using Artificial Neural Network
Jong-hun Kim*, Dae-woo Lee**, Kyeum-rae Cho**, Chan-oh Min* and Sung-jin Cho*

ABSTRACT

This paper describes a result of the guidance and control for re-entry vehicle during
TAEM phase. TAEM phase (Terminal Aerial Energy Management phase) has many
conditions, such as density, velocity, and so on. Under these conditions, we have
optimized trajectory and other states for guidance in TAEM phase. The optimized states
consist of 7 variables, down-range, cross range, altitude, velocity, flight path angle,
vehicle’s azimuth and flight range. We obtained the optimized reference trajectory by
DIDO tool, and used feedback linearization with neural network for control re-entry
vehicle. By back propagation algorithm, vehicle dynamics is approximated to real one.
New command can be decided using the approximated dynamics, delayed command input
and plant output, NARMA-L2. The result by this control law shows a good performance
of tracking onto the reference trajectory.
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Table 1. Boundary Conditions
E7|=A SctxA

Down-range (km) -60 0
Cross-range (km) 0 0

% (km) 275 3

5 (m/s) 760 162
B 22t (Degree) -6.74 -15.9
g2l Zt (Degree) 0 0
g Hz| (Km) 0 90




37 & & 4 9 2009. 4

gt dxatel7t 7] WEe ddHoR TS
AG3A FA e e oAHTh AT 7 =
FoMe AdE Exedd vd Ao T

g HAE FozA o]F HAAANT A St 2
)= AP HFFIAA FohApolE HAishet
71 A% 7RSS UEith

I _ ) 2

J= Min / (M) di )
0 qtarget

Sx AWE AF 2o, B =FolAe HIPA

o] Ao dHe WAy Watoz o Y

o, Wazts w57t 747k A

AE I=F s A
B

]

=

—90° <0<90°, 0° <a<10° (10)
AquA 24k st Fold mg As W
Z3le= w3gdo] stz B =EiME &
zPoEA ¥ AYE AYsida, 4 11)H
2ok 714 g A" S AXNY BFA e &

TS ARl #Bsto] HES Zaold
0<85<8, St)=5 (11)

2 =fdAe HAHs dikS sk DIDOY
SNOPTE ©]|-&3}3th. DIDOE TOMLAB ol A
e Matlab 718 H A3} = olth. HF3 =
T 9 342 SNOPTE AF/wAE 49
HH3 FAE & 4 Jom, SQP (Sequential
Quadratic Programming) ¥ &S AME-3}o
HH3ts s3]

3.2 2|3 A

B =FdAEe A vde fste 54
dGtA FASFES 7HA FFE AA ST
TAEM 3t AYZz7H 7] T4 oz
7,500Pacl™, IE7} WolXWHA FHL F713
A Aot 549 SHE HAFe S %@
7] 93k, B =FdA= 71F T¢S 7,500pa
2 A9 At

Fig. 5= #Zst® 2219 A3 S Yebd A
o oy A A%kS feted A/L #F AY A
HACE A3lsle= 3to] Yeys AS &
At Fig. 62 AlZtel wE 1% WIS YE
H, Jdoz e mmoA] Aozt wWEs}
i = ]_ 1>

= 4 = 9

g, ol 1=Vt HeaE et AR 5t
of geg F7] wWlFEolt}h Fig. 7& BlgA 2 A

Runway

Fig. 5. Trajectory on Plane

i’

\‘P'H‘
28 h

Fig. 7. Time history of Velocity

r
o

132, ajz o) HF F-3tol w3t
todth A243 weze] H
= Fig. 89 HF FztolA
o7 File s NHAER
° 2 FotA dedte AHAE
Wtk Fig. 9= WA 9] nig Aoy, &3
?l 90km7hA] ¥lPgE AS HojFH. Fig. 10
AlZkel] whE SREURbY] WIS HojEd
=29 HA3} ZA= Azt g ot of
i, HFAZEel Arel7]l wWEA Hty) =00l
o3 SYELUSHS 00] =ojof gt} Fig. 109]
AIMEYREE 09 FHolA Fe groz Est
a gley, ol ot & =i A A

Hol HA3gt & AL & F Uk

~

L
o
%

N

i) . ox
ooy 2
O:

oot bt
lo
%

m
b

N

F

o

iy

I

b on B B

o

Lo Crgre X L 1 fu kb [o
A U )

o



354

Fig. 112 HZ #A#S AAdst7] Az Ao 9
Hdog wazy Wazns HoFEr

lm BNy : L!_l"

H | O Flight Path Angle (Bug)

AR = < - Azimuth Angle {Degh

s e :
e

1
0 &) m (] 00 250 a0 Eo 4
tima

Fig. 8. Flight Path Angle and Azimuth Angle

=

L
L] E] W0 180 200 250 300 350 400

time

Fig. 9. Time history of Range

e @ w

H
1] [ 100 140 200 240 300

time:

Fig. 10. Time history of Hemiltonian Value

= ©-Bank Angle Deg) | 2
" = e - Amgle ol Artnck {Dag) ?w
db
@ 4 I.
Foa
& [ ;
I % ——
‘.% me
S
- G%th
oy E W w0 mo @0 W
Fig. 11. Bank Angle and Angle of Attack

41 02X ui &

2 =FddAe Ao gl ZHZE?J H] 8 A 2]
AzE A AE Ase AT 4
|3 FYM4][B]. IF AEAHS %
I ow, JAF AATe] FHA o
Hl’dﬁé T8 2d8 §&3F0F F 5 Urh

o] Aol AlzEo] AMEEW, WHAX
/é AL AlogE 74 & F den, B
z Zﬂ‘ﬂ Hae] E3dgd diste £ 5
BAgt AT o £ A%s Hste Z
oF gttt WA Al&F AARE Al

AT AL a4 BE HAHE
H RS ApEsforgity. 23 Alo] YYo=
TEEE 75719 B3 540] aeEHo o g
o 7E7le B SHeze Aade F
st AIZF A, 28 5 B Aske] AT
AF AAFAA TrEAA= Ao 8L EF
EAo]l 1A &2 At A7, Al=" A
AR FE719 58S A&t A= N4
G

E =FdAeE AF AAEE o] &3 HHA A
Bl e olgstel AW MABAE Ao} 5
©u, o= NARMA-L2 (Nonlinear Autoregressive
Moving Average)Z E&Zth. A Y vlPA <
Tdete vl Aol At E 1A Aol 7jHA
PIDE #&3t=dl dAE AYa 3tk Fig 12=
NARMA-L2¢] 7 d=o|t}.

NARMA-L2E BA S|4 Al2="lo] A7t
nE2 ARE dFsAY FAS=d ASHTH
ARMA= ¥ Edo] AMEHA= Aom F
7HA 2 FAE™, AR (Autoregressive)Z MA
(Moving Average)©|th. ARMAS] ARY} MA®
242 psh gl B PHE BANY A3 B
o™, Fig. 12 2 /MES RAFe EE4ASH

o
o,

=9
-

_l

3ot ng

rlo _%

X =g+ i%‘Xz—i + éeié’t—i (12)
i=1 i=1

Modelinversion for feedback linearization

Fig. 12. Concept of NARMA-L2



37 & & 4 9 2009. 4

ARG HIHA ] TAEM 73F HHA 4

sk ATARRE 088 Aol

355

A7NN, o8k 0y, 0,5 Bde vEtv
Elo]al, g LAFo|th viAE gl MAE 7
EHoz g¥~ ¢% WEE AgHD

NARMAE Al=ge] #§3}7] 98te] 2] (13)
7 o] F} A2YS oot

2l (12)9F 4 (13)S T3t 54 Ao el
g3t F9g 2do SHS FAHE & AT{4]
A, u(k), o W3 A" 39, y(k), 2 ABH
o2 FE 4 9own, ol A3} Zrie]

gk+d) = flyk), y(k—1), y(k—n+1) (14)
w(k), u(k—1), - (k m+1)]
+gly(k), y(k— 1) ~ylk—n+1)
ulk), u(k—1), - ulk—m+1)]u(k+1)
Y=1[y(k),y(k—1), y(k—n+1)] (15)
U=[u(k),u(k—1), - ulk—n+1)]
oy (k+d) — f¥ O]
ulk+1)= SV (16)
q71d, d=28 wFdersid,  flY Ul
glY, Ule A% =do|t}, uddAo] 73 A

29 wae

Fetroz 7S] oF e, o
2 S8l B E=RoAE L% AAE o8l

o flY.Us} gly, U8 F8t] Al=d mds 2
Abgk sk
B e AsHE AF 449 oF o

Hut &38]F (Back Propagation)o|th. Widrow
-Hoff &&®S Z&3ta, A|aRo|= &9 1
o] HEgs Ag TR AMESIATH o2 Qg
o HIAE Az HE3 2 A5S 7
g 4 ok

NARMA LZE P2
oka}
i, WAZS
& 71E AR A
AF AT A
7] NARMA-12E Ax3l91, ZHES % o
A4 B=2& vHEAY Fig 130 Hole Ay 2
o] MATLAB SimulinkE o] &3l F&ste] A
Yol Ng St
Fig. 14 239 WA vdgstes A& U
B glom, e HAAsE 7E Ao,
Axe Aol Axtelt). Fig. 15%H Fig. 20714
t NARMA-L2Z ol &3 Zvst HHse g

b=

Fig. 13. Simulink model for Control

ss Range (Km)

on Cro:

=
L

Down Range Vs, Crass Range

=

2! b
"B o o D B

— € - Refurence

E
B,
3 %ﬁ

Dewn Ran ru-i!m\l

Fig. 14. Trajectory on Plane

Time History of Er Down Rang
0.7
| | | | | |
]
- i T T T i |
| | | | | |
OS5 —— bk ——t—— == 4= — o~ — | —
g
< | | | | | |
] I | | | | |
S04 — — - — — L — — - —
& | | | | |
B | | | | |
=
803 — — /Nt g A~ H
<
5 I | i | |
|3 A /I N | 0 O Y
o | | | |
| | | | | |
R el e i St v & wll i Bl |
| | | | | |
1 1 | 1 1 1
) 50 100 150 200 250 300 350

Time (Sec)

Fig. 15. Error of Down Range

Time History of Error on Cross Range

| | | | | |

o35 — — L L _ 14— _ -]
| | | | | |

ol - L __ L _ _ 1 __a__a___f_ ]
| | | | | |
| | | | | |

R T
| | | | |

B I E e s H E A R
| | | | | |

05 — —r —— 7T - -7 - -7~ -~ T
| | | | | |

0l — =+ — ok M+t — — A - —— =
| | | | |

005 — — ¥ — —+ — — + R -
| | | | 1 |
| | | |

0 50 100 150 200 250 300 350

Time (Sec)
Fig. 16. Error of Cross Range



& 1S = LR L i i e BE] A S
356 AETE - oS - 2 - e - 2R B T R R
Tima History of Angle of Attack
Time History of Error on Height 12
14 = & - Actual Value
| | | | | | = <= - Reference
1 | | | | | |
1 e N 1
4
| | | | | | r-} ] )
L e S S B A e | ] S,
- = B
£ | | | | | | N
< | | | | | 2 |a 4
208 —— - ——————— -4 - — - -~ 1 ¥
S | | | i | 0 & 4
[} L
2 | | | | | | = CrTE i
§06 ——t ——+ =+ —F 4= A=~ A=\ O ;
3 | | | | | | ® 0 i
2 2 k
L R E N S N B B = @
| | | | | |
| | | | | .
02— — T AT 2
| | | | |
I | | |
0 50 100 150 200 250 300 350 [ 0 100 150 20 2m 00 w0
Time (Sec) Tima (Soc) :

Error on Azimuth (Deg) Error on Velocity (m/s)

Error on Flight Path Angle (Deg)

17. Error of Height

Time History of Error on Velocity

o 50 100 150 200 250 300 350
Time (Sec)

Fig. 18. Error of Velocity

Time History of Error on Azimuth

Time (Sec)

Fig. 19. Error of Azimuth

Time History of Error on Flight Path Angle

| I
1 1
0 50 100 150 200 250 300 350

i i
I I
F- - T T T T T
I I I I I I
T R
I I I I I I
A

Time (Sec)

Fig. 20. Error of Flight Path Angle

Fig. 21. Time history of Angle of Attack

Bank Angle [Deg|

Actual Value

B | — O -Refewence

Time: Histary of Bank Angle

o 0 100 150 a0

Time (Suc)

Fig. 22. Time history of Bank Angle

Euror of Azimuth Angle Deg]

Fig.

Bank Angle (D eg)

Error of Azimuth Angle Using Feedback Linearization

25
L
15 T
, \ 5;'1 ',
/ i
0 £ dgereeoft ]
. (W
| —— e L
o a0 10 150 oo 250 3 33
thmae

23. Error of Azimuth Angle using
Feedback Linearization

w0
Actual {Deg)
~ o - Reference [Deg)

Control lnput Using Feedback Linearization

dma

Fig. 24. Bank Angle using Feedback

Linearization



037 & 4 9K, 2009. 4

ARG HIHA ] TAEM 73F HHA 4

A JAFANELE |85 Ao 357

el e a2 JERd Ao|th Fig. 213 Fig. 22
T NARMA-L2ZRE HA4® Aol ggoz
b Wazks debdoh gz Fan 4
747} 71 AAT AF ARG A2 R
g Aol d¥o|tt. Fig. 219 YT ZHE
e 7)1FE %qlztl BEFE F FEIAUL F
A % 3 A 7WE} w3, Fig. 22 1

Z F23E 2A Jss
«1 L& vhet 04 ©]3
%oﬂﬁ AHEE

_[\l

R nlo ox ro

_‘d
Lo
o=

Hu
u
flo
.l
W
g
O

N

oo

Yo, B rf S orf o2 oox rx dlo

oft
N ol
Y
% 820
dg =
2,
1)
C,
o
ro

2
)
to, i

ol
oL
rr
P

=

2 & gk A
B o 04 olste] FAS
4P o FAY W W

T3, NARMA-L29 A A 3t= Xﬂ
E A9 248 WA AF @
F7E A7) ERelAl wgo}
%o HACS Wae wpxa 2
g a7 el A1z AT Bt
o1 A Astel A

1o rlo of
L HS.

_%

~

\

o so
_ﬁ

N
o

ox z

ol
ol
X
rE
ok
)

HU
ok
U[‘>’—‘°§' FIF o;:
L 12 od Il o X o o noh mj cgh X o o kI

ACAN=S
o
N,
f
j,‘i
o
ofl
l-n
| rI
__>‘~l_,‘
2
N,
1o,
il
rlo
H
i

AN

6] At&ol Besith 3, dvel @
F7] 918k, vkst 04 olstel FY Al

53] Fafok wet.

Fig. 23, 24+ H9 < &3} 7HS ]85t
AR BAAE Aojsle w, B4 WAL
Aol Wzt Qo] HHY HsE 288
71 9sted 2= Aol dHoR WAZE A
L3tga, B =89 33k Aol o] Wzt

N

\

rulm il B o2 O MU ooft f oJf Y o o X o
(o]
2L TN P
o rr
_\ >

& 7% AHoR AgAT, & wreld 28
SRR L E I E R ERIEER T
e
o J¥ 5 ol&d W Fio E A4
AAEY, AL g + e Aol )
o}

v.2d &

B =2 A= 279 HlA el HOPE-XS =
9L o] gate], A A/L #3F AYE 9%
A AHE AP £33, QF AFHE o]
& =l A3k @] sl NARMA-L2
g ol &3t HF AHe FFU

A A/L 73 RS flste] WAZ Ao
€ 3 HACE A3jste vlgoz ouAg &

AT AR A v
HACA Hge] AXE AL Felsiden, &Y
A

= A
45 © 4492 2AY & 2
A4 ARE 3 @

0Ae Asodn, EREH ALE Ao
Az ARl AAHAG, Aot 0% H2AA
D4 A el Wadel Ao wase
RE FEgke 247t AR ol B EFIA
A+

e ZFEAS7E vt 04 olslellA Al
7} A BalEd], 340% o] THE H|FA 9
=7} vkel 04 olste] & 7IX 7] w ol
EE?E}, NARMA-L2 Alo] A|2=®E& 7]E A3

FZ3 WA AF A4S e ol&
6117&6}71 et EEfoldRE A o]7] 9Jr e 1
3 ZHE A AY &S FEAFE T3k

A davt o

7

o

“o] R FAWST AfIA FEATIR

SRICEEREEEEE

1) Kyoung-Ho Kim, ChulPark, 2005
“Conceptual Design of a Rocket - Powered
Plane And Its Use For Space Tourism”, KSAS
International Journal, Vol.6, No.2, November,
pp. 46-55.

2) Jo-Ha Baek, Dae-woo Lee, Jong-Hun Kim,
Kyeum-rae Cho and Jang-Sik Yang, "Trajectory
optimization and the control of a re-entry
vehicle in TAEM phase", Journal of Mechanical
Science and Technology 22(2008), pp. 1099-1110

3) User's Guide for SNOPT Version 7
Software for Large-Scale Nonlinear Programming,
TOMBLAB, 2006

4) Hagan, M. T, Demuth, HB, “Neural
Networks for Control”, Proceedings of the 1999
American Control Conference, pp. 1642-1656, (1999)

5) Hunt, K. J., Sbarbaro, D., Zbikowski, R,
Gawthrop, P.J.,
System - A Survey”, Automatica, Vol. 28, pp
1083-1112, (1992)

6) Narendra, K. S, Mukhopadhyay, S,
“Adaptive Control Using Neural Networks and
Approximate Models”, IEEE Transactions on
Neural Networks, Vol. 8, pp. 475-485, (1997)

“Neural Networks for Control



358 HSE -

o $- -

=3

- e - 2AR BB P Bk

7) De Jesus, O., Pukrittayakamee, A., Hagan,
M.T.,, “A Comparison of Neural Network
Control Algorithms”, Neural Networks, 2001.
Proceedings. IJCNN ’01. International
Conference on, Vol. 1, pp. 521 - 526 (2001)

Joint

8) M. Hagan, H. Demuth, O. De Jesus, “An
Introduction to the Use of Neural Networks in
Control Systems”, International Journal of
Robust and Nonlinear Control, Vol. 12, No. 11,

pp. 959-985, (2002)



