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ABSTRACT

In this paper, we suggest how to determine the parachute deploy position for accurate
landing of a UAV at a desired position. The 9-DOF dynamic modeling of UAV-parachute
system is required to construct the proposed algorithm based on neural network nonlinear
function approximation technique. The input and output data sets to train the neural
network are obtained from simulation results using UAV-parachute 9-DOF model. The
input data consist of the deploy position, UAV’s velocity, and wind velocity. The output
data consist of the cross range and down range of landing positions. So we predict the
relative landing position from the current UAV position. The deploy position is then
determined through distance compensations for the relative landing positions from the
desired landing position. The deploy position is consistently calculated and updated.
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Fig. 1. Process for Parachute Landing of a UAV

£ 3
fru

H [

M
ol
o
-‘0% r )
2L oo
e o
D by
e
= _ﬂm 2 =
_h L N r.m rE
flo E 2 'r_l(|>
D o o

> fo

-

5 %E}

’5‘
o v e A v,

A
z
g
H
lo
2
©
o
N
N O
—_
RS )
>~

O.:.,

o

=

)

A

>

i

¥ o

0 o

2 op
0]

e @ o N 30

20
r Lo
A
2

o

ok

Ol

-

=2

X

(o

ofr

-

ﬂﬁ~uww1zaﬂ
of e Fels
ANAH 8
Algkgey,

HA AAAE

LN
o,

ol

ol

N

2o

=
N

%@%ﬁﬂ%ﬁkaﬂ%ﬁm -DO =]
S o] g3t FAFAHE dFste AL A

3 =

& A== stk olE 98 9-DOF &5

(217 6-DOF + 384k 6-DOF - 3-7-4

ABlel d=8 dHolH S FFAA 43
Al

]o}_

=

232 P4t deos AP A5

3 A5 AFAHA] FRANE BA T
9]

_?;I

A

A

>4

AR RS dozn ek AAAA
Aot &7 EHE A ZHFA7]7]
Sk ARl 2AH™, @A A
H = ﬁi’é H S st |t 28
Fow ALFEI 73N Y. Fig
HAAA 35S YERATH
A das dAE 73

Ol
O:
l
=

Fig. 2. Process for Deployment Point
Determination

. AlE8old =&

\o}

1 F¢l7] 5-DOF 23 &

TE

'1°ﬂ 25417171 913k Fakik AR A
= W, 7= A
°EH13£§_ stAl "ok FR17]=
D@?%%Eﬂﬁi?@ﬁﬂL,
Quingzt f7h Aoke Mg skl &
I 3HA] &3l E(roll)-T X (pitch)
= 2de FTAEY

< ESYE HAAV EF
/\].Eo]: a7 B3t A9 F

fo
o WA
o {0
jﬂx

A

NN o
o
X

=
o o g
g
mﬁﬂwom*mm
oo o o
< Mo tlo
ol
iR

1o, M

40 rfe S oo
O\
=)
e
i

2
X

¢

o
A=)

H

=21 1

= 7t WEge W &%
6-DOF & =3} fA}
5]

-

o X ko O Fo
T

ih)
H |l op o

=]
<

=88 s}7] 23] 2
(Proportional Navigation Guldance Law)< 3
stacHel. vlFA e W NEEE AEs)
5-DOF & EdolM 87dt= Wa7t

HEog WaAgesxn 1% A 2
455 @ 5+ A FARANY].

2.2 F2l7|-35t4t 9-DOF =H
A7I7F A Aoz feHlde Fof

: S
r-{o
oft
td
o 1,
L, o
-
o
o
ol
2
fo
-
o
N
ft

—5—}4 AN o] FAAH Foly|= IFalate] A2
Ho] =34 "} o] u ‘ﬂﬂ Yatik Al
go] AMgErth Fig. 3¢] 9-DOF &% =4 o

& AA FEEE UrEM%M‘:H?),S]-

m }i "JE Euler™, Euler”
Aero DB F? M? oo AL
9-DOF VeQ
Wind Model Ve QF
7r 60 B

Fig. 3. 9-DOF Dynamic Model



41 & 6 9% 2013. 6. 21719

0 el 45¢ 98 AAAE 24 167

LitCosSaent Drag Confisent Pighingmoment Cosfiosnt

m  %w e s

Fig. 5. Parachute Aerodynamic Table

oA dFd=xol 7[EHo = HPA o &
71438}7] 93] 6-DOF7} 2 Q3ich wjFo
7)-G3kat A|2~F % 12-DOF &5 Zd=

4

o
My off Hd ox a off

StAIW, Fig. 45 B9 & & 3

719k gspate]l AdH] glof 35 WA
of F&EAY. Wt FRIV-Yst e s 7l
3171 918 9-DOF & ZHlE& 743t th8,9].

F47]-98ht 9-DOF & Edg 74387
sl W=l dag FEe] Y HolES 74
st Zolth & =wolM gehaitel] Wi ¥
gol=e 3%, A5 AY F& A T= A F
A7l ¢AdY BFS s FLEET %
5~6m/s7} S5 Cpite] A7IE FAsH AR
A TH10]. ©1 2 Fig. 591 YeRRATE 714
shate] BRIE Hg e adstA I

FA7Iel W Y Heols 94 7€ H
A5 (Yak-54 2H)E AHEated, B =8 3
EA7171 918 2 kA 7S S Y HolE

2 ATk YurE e

o
tlo
f
ok
&
oo
£
off
12
fo
£
£
-
T
(O8]
<
o
ki

1 ZE &z 99
Aeforrt gk meEbA E

T Rf AEES ZEIA
, Loolele] geel s dlzds A

4 &
S

T Bkt
e s

Fig. 6. UAV Aerodynamic Table-Force

Fig. 7. UAV Aerodynamic Table-Moment
o Jbgste] ¥y As FH Afe A

3 3
olelsh Re AL olgd FY HolBe T4

FATH11].

o

7

CLZ{Given —4<a<ll”
o(2sign(a)sin?(a)cos(a)) otherwise

CDZ{G’iven —4<a<ll®
U(25ign(oz)sin3(a)) otherwise

)

Ey
=
=

dol #EE ©vE ¥ vASF
extrapolationg AF&-3te] 3
wHow Me

g 58 "Hols9 4%

i
L
9

o 2

i

=
M ox 2
2 o

—|~
o
I
=AY
=
o2l
Ol
i)
e/
rr
jn)

=2
t
2 4

= e (moS

kel
end point S AHESFA I,
9] A sine wave FHE
Attt olFA A8 F1719 §, =
#d ¥ Ho|ES Fig 6, Fig. 79 YR

Y rr oM
td
=
{m
X

N
il
©

ofl o

1L o )

i)

o

3@ (Moo 2 x & oW ofr

TErL-U

m. MHxd 28

3.1 M EAS 0|RE HEXH HS
kA wa vle} ol ) wa el B vl
YRE o454 9.DOF A Edold RS F3
A7) PAZFEH AFANL & = AT A
NHe wAE 5 Ao olE a2 s
AR Y AESAT]. $4 AEAH
& AR 99 3% @ FUA7] 9A, &,



468 Helsk -

1 -

B AL 2 T

=1
[ZINY

g e} Zo) 97149} 94 WaE 2R
o AT FAvle] UE, AR YRE QYo
NHE F A, $9 Sxd gEjME 77
IAANZD

ey wFo g ] A7 wEol 374A]
48 HFE Y9 7 Utk ole 9 HEE F
do =z AR ZLS FFAITI7] AT AHS
Z0]7] Yelth. oA AAE 4 uolE
+& HHYE Table 1¢] UERH Hio} o] A
%o 9-DOF AlE# oA &5 EdS 53l Fig
83 Zo] A AAZHE HFAY dr,dyE 9

o] RS F W 3 Fo AL g5 HolH
£ ©] 83l weight & bias matricesZ T4 ¥

nonlinear function approximatorg TAE 4

ATk o]# 3 HFA AU FAHL Fig. 9o YERNRA
H4].

k5 HelHE F3 74 % nonlinear function

i

Table 1. Input Data & Operational Range

chel | 28 e

1= (h) 100 © 150
THET (1) m/s 28 ~ 35
TAHEL (V) m/s -1 71
HIZSE (V) m/s 0~ 20

HE2EEEEE (Vi) deg | -180 ~ 180
HigtE S (V) m/s 575

Height(h)

Fig. 8. Output Data Set Aquisition

9-DOF
AlSgjo| 4 22

dx, dy ]

GlOjE] 4E

CilojE] & =15
Weight & Bias matrices

Fig. 9. Neural Network Training Procedure

Downrange (X direction) Crossrange (Y direction)

el

o & M M A B B

s & 4 = O Z 8 & &

Mean average : 0,0661 m
10 :1.94m 10

Mean average : 0,4092 m
:3.52m

Fig. 10. Neural Network Performance
approximator®] e olE7] ] o9

100071 9] HolHE B & 9zt EAH E
A& Yot ZAE Fig. 100 UrERA AT

3.2 atat MAMAY d4F ¥ MHEH

9 44 PHe Fig 1€ 29 & 5 Atk 9A
g vk gl AAIRWE B A

nonlinear function approximatorgE &3 9-DOF
5 RdS AFezA dAaez FAA
A FHHAAE dFT 5 Sk o]
H HEAA9 a7 FF5AR e A
A FAZ] AR AN BFRFozAN A
A

wolzle] A W] webA AAAH 2L F

= T
Fahe FA7He Band
bodte wAAYE

=
:(n)l‘_’,
fd
it
:?L_“
f
3
£
QL
N
rEl
to

quWe snth ulgel o] Aujmow FF
0T WANZAT] WE FAY Heks A
B B AAARES AHSE P A

A

Target

Estimated
landing point
Predicted
Flight direction deploy point
t
Wind
direction

Initial position

Fig. 11. Deployment Point Determination
Technique



041 4 6 9%, 2013. 6. 79719 A gaat A& 9 AAAH AA 469
42 e AlEZ0olM
\ v, @ A=Y old 7S T3 vk Wkl ot
> ) B oel=® ARG Lolnrlz @tk AEd
equired Deploy
ot ol ZHL YE e T vy wEkv g=
rent Port Y — A AA3HTE o] = Table 29 YEMA AT
V esires andain .
7zte] z7o] we AEHold ARNE Fig
14 ~ 16°] YERA A
Table 2. Single Simulation Conditions
Case 1 | Case?2 | Case 3
. . . x7| 2| %
Fig. 12. Deployment Point Shape by Wind =714 ’_" (0, 0, 100) m
T2 A (0, 22115, 0) m
. ‘ H| &l gfsk 0 deg
of W wigrel Z7h 23 wPel AFsN sl o
Wkl 74gstd Figo 129 o] &7 #HFA Bferarar £E | ENE | U=E
Ho=zHe o 77k FHZ HA/MAHe] 24
% '\:]— _ = DEPLOY & LANDING POSTTION
T
) ufgras
IV. %EI‘ A| %E-” ol ﬁ DEFLOY&LAND%NGPOSFHOZ. /-8
[ £ ]
. ! ) ]
41 A M - f . iffm
= - - %mnu |
AFAA epAGe AFA7 ) A G | R A
ANAHEE AR wHo el A7)sta L, i e | uMeaE 1 6.72m
©  Estimated deploy position
Aztel mEE FAY o BT A FAE el e
% Flg 1301] ]/}‘E]'LH %E} %;:}_ }\]-}—\‘E{H‘% H}—]aj‘ E 1000 500 o 500 4000
2, 224 f=Hlds §19 5-DOF Al el Fig. 14. Single Simulation Result 1
2d, 7798k ZAE5S 9% 9-DOF Al &3
ol mHl olgA F 7hAE FAELG. Zu -3 el
H]—% Xéig}- ‘['__!—?—]-7] }\ol—a]% o]%—s_]-oi Z_—}‘%X];](j DEPLOY & LANDING POSITION "’ “l \.\
2 HAAAEE AS37] 98] 5-DOF Al &8 o] A i Ty Ty
o] T3, AMAA ol FHE HFL 9 L =1
| 240 {
% 9-DOF Algdlold mdlo] 23 B} of z A ;
- - - £ | 20
o Og 2o A48 A4S Ba deple & : T
&stA "o Hetele v 7oV FEe A8 mEE MH2A742] : 6.40m
SHA @ Geiabe ol : Y 2 ddde B i
j‘“i 7]‘XC-;| ?l“j" EJE?} 1_,_]1,»(:)4]_{\_ O‘I 7‘(_4_7]];]“5 jq';gl% 1500 1000 500 o 500 1000
FAET A FA] Gk mlEg ] vk Fig. 15. Single Simulation Result 2
F10° 92 BAR 4L o2k
a a : RN A\
l s Guance m0d€|l DEPLOY & LANDING POSITION \\\{ HiE g
Voo e s oy o . : o S
Guidance i s s o rrer il / g ?
| i i R L il ;
0% O L) Vil p % o | o i
T Landing model = ! g
- 2o M2 1 0.88m
Const, =iy E
u.n Wind model ; oflZ22t7{2] : 5,60m
wind R 50
East[m]

Fig. 13. Schematic Diagram

Fig. 16. Single Simulation Result 3



470 710135} . @]—/\Ol—éjl .

=SRE i d

g - 73 B AL 2 T

nm
S

Table 3. Landing Position Error Comparison

PL | Hbat oo o &= Al H| =F
Al A 52 Xt 52Xt
1500m Constant 8.9m 22.8m
100m Constant 4.7m 17.8m
¢

al,
2} ﬁ?z]xg,_o_i
Eﬂi Al AEH=

% GAAEY A FPFS S
Ak AARshs Al e zols
Hlﬂoﬂlﬂa&t} FA71et 279k A ek A
2 Ag7}t 100m7]- g wj7hA] 2 7]9] K] ol A HE
AANrez AMAHE 7BA8e e F5eA)
o}, AtA Azt 1500m7F 2 w7 g AA7E
o7 ANAHE AP W FF QxS H
w3 Bkl Table 394 Constant H}§-S o]H]
Re vhE HRE ou|gith AlEF ol X
A 2 Ao tig WS Table 391 F34

Q‘L

Table 3& EW & 4 %o], 74 Al-d o}
2 235 HY, HUg e A] AR H S

2=
& AAgT

s} spell A et
1 ES AFsH] A8 F 47kA Aol sl
2HZE A EHOIASE YAt Case 12
turbulence ®}Fo] XgHA ge& AHAEE,
constant B} AHRTIO 7 A|EFo|HAS S35}
ATl Case 2 ~ Case 4+ turbulence B}Ho] X
std AHS$olth. 7|4 turbulence w®lIolT®
constant v} Ao it oS vt} wf
Zol dF{ RS vgA e £x Aol tigh &
E HAOE Yehtes AiEolEE HAAZoR A
b GGolM g /\]7}94 GFE dSFetrie q
T oJHoh webA vtEE Fa 999 Power
spectral density 2102 FAFH3] & 5 Q3L ©]
2A FFE Power spectral density "‘ o= v
el 2d2A FA Dryden WdF E23 Von
Karman W& Zde] 271x wmdo] At}[12,13].
2 ATl dRF 2de Dryden di 2dS
ol gstAutt. G HAxe wE
leverS Table 49 Ue) ST}

7

turbulence

Table 4. Turbulence Level

level [m/s]
Light — 1 7.7
Moderate — 2 154
Severe - 3 23.1

Table 5. Uncertainty Identification for
Environment

i run-wise / 10 /
path-wise range
g2t . , -
—— uniform run-wise 07180
o o
Sl .
=7 normal run-wise 6
=2 "2t | . 1
7] normal run-wise
EHZRE AEH o] FAS 93 Table 4]

UERH wkel Zo] BEAAY 94E AHsITH
T ES4Y 247 7F9AIE E3(Normal

Distribution)&  7FAX=A o %% (Uniform
Distribution)& 7FA=X]ll s ABA,

Algdold 3 Al dE7E 271 gholl disiAT
A (Run-wise)SHEA] Al 2H] o]=9} o] wj
2®l A (Path-wise)3t=Aol s 243t

7beAIE REE VA Aol dEiM e 10s
Yet L, #58EE 7= 4ol daid=

L

AT A HAE YER AT
oA A¥HHE FHdHY Q4E ©]&3t Case
1 ~ Case 47hA] Z4z+e] 73-9-o disf 30034 =
HZE Algdelds F338tdal 2 AH/E plot

¢ Fig.& Fig. 17 ~ 200 Yepf ATt 2 elA
BHHoR HWe 2EEMN)E A TS A
MAFS, 2EMoE FAH FES AARH

Monte-Carlo Analysis at Turb. Intensity =0

Des. Land, Pos : [0, 221151 m

Mean Pos Error : 10,2, -6,5]1 m
—6.5m

1123,251m

> Deploy Pos
& > ¢ Act Landing Pos
2400 9 ©  Des. LandingPos. |----
% g 2 % Mean Pos
— 1o Bownday

10Boundary

Monts-Carlo Analysis atTurb.Intensity =0

]
8

- South [m]

> Deploy P

North
.
g

South m]

orth -

300 -200 -100 0 100 200 300
East - West[m]

£ [ [
Easi-West [m]

Fig. 17. Monte—Carlo Simulation Result - Case 1



41 & 6 9% 2013. 6. 21719

Monte-Carlo Analysis at Turb. Intensity = 1
2500
Deploy Pos.
Act. Landing Pos
Des. Landing Pos.
Mean Pos.
16 Boundary

2400

* 0

2300

Monte-Carlo Analysis at Turb. Intensity = 1

Deploy Pos.
Act Landing P

North - South [m]
N
g
»

2100
2000 3 20

1900
300 200 -100 0 100 200 300,
East - West [m]

9 % 2 0 0 1 2 N & ©
East-West[m]

Fig. 18. Monte—-Carlo Simulation Result - Case 2

Monte-Carlo Analysis at Turb. Intensity = 3
2500
Deploy Pos.
Act. Landing Pos.
2400 O Des. Landing Pos.
K Mean Pos.

2300 16 Boundary

2200 L4

Monte-Carlo Analysis at Turb. Intensity

North - South [m]
N
g
g

2000

1900

North - South [m]
§

1800
-400 -300 -200 -100 0 100 200 300 400

East - West [m] 2100

0 o £
East-West[m]

Fig. 19. Monte-Carlo Simulation Result - Case 3

Monte-Carlo Analysis at Turb. Intensity = 2
2600

Deploy Pos
2500 Act. Landing Pos
Des. Landing Pos
Mean Pos
16 Boundary

* 0

2400

2300

Monte-Carlo Analysis at Turb. Intensity = 2

North - South [m]
N
8
»

2100 280,

2000 S

%0

1900 é 2180

1800
-400 -300 -200 -100 0 100 200 308

East - West [m] 2120

% 0 40 22 0
East-West[m]

o 8

Fig. 20. Monte—Carlo Simulation Result - Case 4

Table 6. Monte—Carlo Simulation Result

1o
MPE
AlE2|o[MH Case boundary
(m)
(m)
Case 1 | no turb. | - 6.5 2.3, 25
Case 2 1 7.0 16.3, 15.6
Case 3 turb. 2 6.9 346, 32.5
Case 4 3 24 54.2, 53.3
MPE : Mean Position Error
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