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Multidisciplinary Design Optimization(MDO) of a Medium-Sized

Solar Powered HALE UAV Considering Energy Balancing
Kyung-Hyun Park*, Sang-Gyu Min**, Jon Ahn*** and Dong-Ho Lee****

ABSTRACT

A MDO study of a midium-sized solar powered High Altitude Long Endurance (HALE)
UAV has been performed, focused on energy balance. In the MDO process, Vortex Lattice
Method(VLM) is employed for the aerodynamic modeling of the vehicle, of which structural
weight is estimated with the modeling proposed by Cruz. Tail volume ratios have been set
as constants, while the location of tail surfaces is determined from longitudinal static stability
criterion. By balancing the available energy from solar cells, battery, and altitude, with the
energy-requirement of the vehicle, the possibility of continuous flight over 24-hours has been
investigated. The solar radiation level is set as that of summer at the latitude of 36° north.
During the daytime, the aircraft climbs using solar energy, accumulating potential energy,
which supplements energy balance during the night. Optimizations have been sought in size
of the vehicle, its weight distribution, and flight strategy.
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Sr St wing/tail surf. area(m’)
b,, by wing/tail surf. span(m)
Cur Cis avg. wing/tail surf. chord(m)
55 avg. rib spacing to avg. chord
vt ratio
Nyr N, No. of wing/tail surf. ribs
teotfe, wing/tail airfoil tlr.uckness to chord
ratio
wer No. of wing end ribs
wlt ultimate load factor
GW aircraft gross weight(kg)
W, Wiss | weight of wing/tail surf. spar(kg)
W Wi | weight of wing/tail surf. ribs(kg)
W, weight of wing end ribs(kg)
Worp weight of wing or tail surf.
W leading edge(kg)
W, weight of wing trailing edge(kg)
W weight of wing/tail surf.
v e covering(kg)
q dynamic pressure at maneuvering
" speed(N/m’)
Ly, tailboom length(m)
W tailboom wight(kg)
E2 5% o529l um
Example Noth Lelggfeg Cruz GW
k k k
(kg) (kg) (kg) (kg)
Goss. | 345 163 ns | 31
Penguin
Zephyr 189 51 15.1 <20
- Main Wing Spar :
W, = (0.031b,, +0.00756b?,) @)

(1+ (n,,, GW/100—2)/4)

- Wing Secondary Structure :

W, =N, (0.055¢ (t/c,) +0.00191c,) ©3)
w,.. =N, (0662 (t/c), +0.00657c,) )
W, ,»=0.456(S,63/b,) ®)

W, 7= 0.0277b,, (6)

W, =0.03085, @)

we

- Rudder & Elevator Primary Structure :

W, = (0.0415b,, +0.0039107,) (8)
(1+((q,S,,/785—1)/2)

- Rudder & Elevator Secondary Structure :

W, =N, (0.116¢% (t/c,,) + 0.00401c,,) )
W= 0-174(5,,51°/b,,) (10)
W,,, = 0.01935,, (11)

- Fuselage :
W, =(0.114L,,+0.0196 L) (12)

(1+((q,,S,,/785—1)/2)
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Class Contents 02/2/ Cp7t +58 A2 2 43 Daedalus
o o Alesty o 7lo
Total weight 40.37 kg jl = IDEAE?j; AHE- " °§iiq;°!ﬂ o :;;% Lq:]o]
TF H]3 1= ol = 3 Z
Span length (wing/tail) 20m/5m 3/2 : o= o B - o‘ o
; s HEEF 3 L3 BgEEe
Aspect ratio (wing/tail) 1333 / 7.14 C/Cp & 2 she dazeel A
Wi 30 m? e 9 EEe Z2dY 882 diE &4
8 28 = o BRARE wejstel 27} 80%, B5%T WA
Fuselage Length ~ 8 m . Z:]‘?J %}]\,% g;ﬂ .(:5]_93\14_
Solar cell area 10 m” (0.5kg/m")
Operating mid altitude 20 km . ct2of E8t zAAMAH 2 AH3}
Flight path Ascend & Glide
2 AFelA SHALE UAVE| thiof 9
E 4. 27| MRS HAAE 9% s8== 19 59 2oh
Composition Weight Portion
X SlAF Ol R =
Solar Cell | 500 kg | 1239 % | <1 E7I8d & I3
T“}?e Battery | 10.00 kg | 2477 % |  3.1.1 S-HALE UAVe| %7|& 4t
o
Structure 1827 kg | 45.25 % £ AFeA= S-HALE UAVE AAE 93
Avionics 162 kg | 4.01 % o @A BdF FAr1e AP AT V5
1= o =
Propeller 1.36 kg 3.37 % 7}?]1 = 95| Zephyrsh fAtd A7]9] &
e o AR4e AAsAG. ol WA Fuspst
Fixed box 170 kg | 421 % nHEAE ARES nHste AALE e
weight MPPT 052 & 129 % Stk 3 JPal /A% Gl FRERE AT
ZE L2 e adE 2ol7) A FAAE 9 W)
Camera 0.90 kg 223 % B eajsts wale Aw s
Miscellaneous | 1.00 kg 2.48 % 271824 2 AALTFZAL 7 39, 27 =
Total 4037 kg | 100 % ZF AR &S E 49 JERAT £ 4004
1gFFe A 383kE 71€d SHALE UAV
o Y% T& st ® H‘B‘}ﬂ o Hgg 7hvl
Ooslin Requemerts ) b wAANFH F& MAste] Hgsdeh
S =%, AR A e melshel F7HHel 7]
Sp::::tiou:j::ngve | | Design Variables E}% (Mlscellaneous elght)% _]Xé 6}%‘14-'
Constraints and Design Space
l 3.1.2 F7IHE 754 ol
B ] # A7elx 7143 SHALE UAVS 7%
‘} - Chord length, Span length i }\Ol—oﬂ T’Hg}oq A 7:]] Q :TLZZ:]_?_ -T’—E 20km°ﬂ }\‘1
} iiﬁli:::jll.aanery : 5km§ }\]-_/_': tﬂ 0}7& 0].—“—:‘_ iﬁoﬂ}ﬂ 24A]Z_]_— X]-f;;—
{ v — v | WEe beAe AR duATEEd B
[ A | [ S W S e A Sl A (22), (28)& olgEle] FamE F
oot ) | At | | st i B ol X o] f-(Solar Energy Margin, SEM), L
i ' : ' | Fn eRmIE T FHANA f(Battery
[ [ Energy Margin, BEM)E A48l A o
{ I
I |

Day & Night Energy
Balance Check

Y End /;
S8 &

SEM= Y (Eg— Ex— Epc—Epp) (22
day
BEM= Y (Ey ,— Ep) (23)
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— Required Ener:
Flight Speed a ¥
(m/s) — — Solar Energy
3 Cruise 1 12.00 == Battery Energy
1500 __ Cruise 2 18.19 —t— Energy Margin
I climb 1.02 N
- Ghde — - Battery Charge (+)
i Battery Discharge (-)
1000 - Surplus Energy (+)
) B |||||||||| Insufficient Energy (-)
= I
9 500 !
O -
& - Cruise 1 Cruise 1
i /
- ! -

0 1 1 ] 1 l f 1 SIGIIIdIe ||||I||I||I|||I IIIIII I|||I
i 2 12 a0 R AR ARARARAR
AU Time(hr) bl O T T
RERHBHBRHHRARHRII it B
_"""""""' \ R LT W B N NI Y R N RN

-500 L
a8 6. =718 A S-HALE UAVE| 24A(2ZF ol X[ =5
21 (22), (23)N A Es Er Epc Espe= 247+ Hi T3 ZolE T wel Cruise 1, 29 QoY
FluA, BoolvA], FAA FHH Wl B A(Ex 1, Er 27 72T AL 2 F Aok a8y
2% dlviAelty. 27187 BlaAAY 24X3F ol oJAS] opghulE e ¢4ty s E <k 347wh
dA wAdss a8 o g WA A o) 247 dquAst ¥ 223 AL B S ok
< B3 AAAYAE R F5Y %}?O% Case 29 A% HYAAE 80% FAS 8ol
H s B3 XAUAE AHg3tdets F34 A ZAAE 27846 HE) 20% o FAS 8
o AmE A wEew A A A A yoag sux ggel ARl Wt ¥ AT T
b Eek HlEo]l Bbs @ AE & o At B ) - - =
: . : o b FAEE &7 FUFst SEMo] A A
gt Y F SR FHo] gsHE HL o o - s =
Sol= =A% STRT o = oF 4920.88Wh9) S &5 Ao a8 vdA AAEH FUME
;J;r)r;p SZ‘A‘/I_O] Hf/ngogl_o:]q_ h Qs o oyux7t ARoH, 37t t\:7]7]]_;<]g] of
e o Cor . e g9 FAA uAsL FRAAE @
53] o AT Bt B E SEME HE A= o = gyE e sola
YARA oldd QeloluAs we A s 0 BEMOL 07WhE BIE R AL Akld
HALE UAVS] 2203 ZZ=712 zgad. g 1 A
50] ZAA BlFHA Wsle] wel SEM 2 utebA S-HALE UAVE] 24413 x| &w]8e] 7}
BEMo] ol@A wWalsl=x Uedct WA Case oot7] A= FHA HHd GAE T
18] A% %7184 vAANA HEARZ 80%qt  BEME R3] oppwldy F RE3I Y7}t
AAE P& wolrh HFHA WHo] i) uwp  EAGA F=F Sjof 3th a3 ol HiES
2t SEMe] oF AWl A= AT AS B 5 U 2 SEM & ZHAaAA vdgAe daduxE &
) | h Okﬂﬂlsﬁ«l FEs 95+ Aol ot
[e] a E
Baseline | Case 1 Case 2 -\ggﬂ]ﬁxlgl W3 gl old wWE SEM 2
S. Pannel (%) | 100 80 80 BEM®| W3tE neld HHAA 7} asinh
Battery (%) 100 100 120
Er 1 (Wh) 351.93 339.16 364.85 M =l ol X AlS
Ex 2 (Wh) | 51995 | 50114 | 538.99 32 dAZH H "2}
SEM (Wh) 4920.88 | 2419.89 | 1521.96 SHALE UAVe] thiEol B3 HAHJHAE 93t
BEM (Wh) -368.76 -346.89 -0.71 2] (24)9} o] A 74]_,_7\1]_3_ 23} 39k
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Min. SEM (24)
st. 100Wh < SEM < SEM,, . ine

BEM > 100 Wh
Static Margin> 0
WUA v < 60 kg

E 6 dAYHST 2 dAZZ

Design Variables Min. | Base | Max.
Main | Chord length (m)| 1.0 1.5 2.0
Span length (m) | 15.0 | 20.0 | 25.0
Tail |Chord length (m)| 0.5 07 | 1.0
Span length (m) | 3.0 5.0 7.0

Fuselage length (m) 5.0 8.0 | 10.0
Solar panel weight (kg) | 2.0 5.0 8.0

Battery weight (kg) 50 | 10.0 | 15.0

Flight path (km) 00 | 50 | 100

wing

wing

S-HALE UAVe B3 Q3 FHZ71E ZFolu
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2R AATE o|FAAES SEMS HZHSSF
o] Haps /MNEE 44 sd. aga
S-HALE UAVe] F3F 3 ofztulg T )53

S sl olF Y FrrHoer ded B
AIAE 100Wh 2 7H4ste] o]F Atz
A8 39k webA SEMS 100WhEth =3, 7]

Agaol AL sEME WA wmd sy,
BEM T3 100Wh o|AS 7IAEE &¥u. =

g F A=z AP Age IFrE s Xé@@hr
7 G S VHAEE st9oem, 3 S-HALE
UAVS AAE 3t vaae] AA LA (W)
= 60kge 9A BFEF stk

ol B3 HAMAE A AW Z
AARFE *474]*{}8 E 63 2o HAF 7]
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o] 7hed AFol XAl &R (Sequential Quadratlc
Programming, SQP)S A&t thl6]. 18
MDO7|Ho 2= tRotEIGF AT ES /an &

o A &a1, 7P REAHQ HAH3 MHIHA
MDF(Multidisciplinary Feasible)7|®< ©]-83} %
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Design Variables Base Opt.
Main | Chord length (m) 1.50 1.48
wing | Span length (m) 20.00 22.56
Tail | Chord length (m) 0.70 0.72
wing | Span length (m) 5.00 6.08

Fuselage length (m) 8.00 8.20
Solar panel weight (kg) 5.00 3.42
Battery weight (kg) 10.00 11.76
Flight path (km) 5.00 7.23
Responses Base Opt.

SEM (Wh) 492088 | 70231

BEM (Wh) -368.76 110.51

Static Margin 0.37 0.38
Structural weight (kg) 18.27 22.87
Total weight (kg) 40.37 4515
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