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Abstract

This paper presents optimization of the main spar of Human-Powered Aircraft (HPA) wing. Mass minimization was attempted,
while considering large torsional deformation of the beam. Sequential Quadratic Programming (SQP) method was adopted as a
relevant tool to conduct structural optimization algorithm. An inner diameter and ply thicknesses of the main spar were selected as
the design variables. The objective function includes factors such as mass minimization, constant tip bending displacement, and
constant tip twist of the beam. For estimation of bending and torsional deformation, the geometrically exact beam model, which is
appropriate for large deflection, was adopted. Properties of the cross sectional area which the geometrically exact beam model
requires were obtained by Variational Asymptotic Beam Sectional Analysis (VABS), which is a cross sectional analysis program. As
a result, maintaining tip bending displacement and tip twist within 1.45%, optimal design that accomplished 7.88% of the mass
reduction was acquired. By the stress and strain recovery, structural integrity of the optimal design and validity of the present
optimization procedure were authenticated.

Keywords @ human-powered aircraft, structural optimization, sequential quadratic programming, geometrically

exact beam model, VABS, stress/strain recovery
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2.1 SQP 71§

Sequential Quadratic Programming(SQP) 71H<
HAE $8k4 AZHe] dFoz dHrol 93 R FHHE
o] 23] A A} WEES AA sl vkE 7ot}

SQP 714l we HZA s dueEe v 43 2o}
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Fobd A B ool& 9 SQP 7ol 23 ?13ts# &g 7] Main Spar W A HA 3} AT

Minimize %derd+ Vf(a,)Td (1)
subject to b(x,)’d+b(z;,) =0 (2)
clz)Td+c(z,) <0 (3)
Ty =1, oy, 4)

o714, dE B4 ek WE ke A4 WHESE g
I<rol 22+ =34 (hessian) 9 EL/‘W = A
g A, 22 b(x,)
olz,)E 27t B4 A F2A, 1‘%?5. Agxolnt, & A9
A7 *474101]/\1—‘:— 4 (2), oz xHE T4 Agz

] ¢¥om o]Z Newton2 71'Helz}
5]—1:]- o]aq ZA00- HA dAMSFE 5Hg5] 7277}

fr

Lagrange

2] (Di FAH = 75 Al SAE57E P45 Hessian
P (A T 22 B37) AR GoJHT) o] B
wACA ezl a7t g Wk g, o, A (4)ol oJ&l z,, 7t
oldrt. olgig B whEs] 7 AAW
#HA3g} dugEe TEIH(Nocedal, et al., 2006).

SQP 7IH& &E&A ol HAY Aupd 2ol e A
at7] 71, F2 AAE e FAs duelsdd 7MY Age
79| stz AZEH(Schittkowski, et al., 1994).
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2.2 VABS

Variational Asymptotic Beam Sectional Analysis
(VABS):= whd &4 Zzafloz 7)38kd ujAd 339
A B ZAE 22k A8 99 s FAl(x,, zy B9}
12 ¥ E B ZA (2, W E Eelshe Berdichevskii
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EAE 88402 AL At (Yu, et al., 2002).
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FBz(%) , My = ‘;—H) (10)
oltf & (9)¢] Py, Hy¥, 4 (1009 Fy Mye 22 4
(6), (1)= B3l Faizith. o]¢t 3| Bt1gA] S-S ©f

&3 2 (8)% WS thest Be o] fmgnh

ty l * 5T * *

f / [0V Py+06Q2, Hy— 6y "Fp—dr "My (11
t, Y0
+OF N y— )+ Mk —k") —6PH Vy— V)

t, Pl
— H(02,5— 2)|da,dt + / / § Wz dt
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il %l"%(Cheng, 2002).
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gelatAtt. 3k a2 W A FgolA] BEeIH 7]l ME Table 2 Carbon properties
T F3EoA B 2S4S A Aol H]g) oRzte] 7]-gof Property Carbon UD Fabric
AE FAF  slrk Elastic 2 131 654
modulus E, 8.2 65.4
) , ) (GPa) B, 8.9 -
Table 1 Material properties of 2014 aluminum alloy
- 5 . Shear G, 4.5 3.59
Young's modulus(Gpa) | Density(kg/m°) | Poisson’s ratio
73 2800 0.33 modulus G, 4.5 -
: (Gpa) Gy 3.5 -
Poi . Vis 0.281 0.058
01ss.ons i 0281 _
ratio
Vg 0.47 -
Tensile X, 2000 959.1
strength Y, ol 929.1
(Mpa) Zy 61 -
Shear 512 70 118.6
EOOR strength Sy 70 -
Fig. 1 Configuration of circular pipe and loads (Mpa) S 40 _
Density(kg/m®) | » 1580 1580
Table 3 Main spar layup pattern
. . Ply No. Type Thickness(mm) Orientation(°®)
1, 2 UD 0.255 0
I_, % I_, ty L % 3 Fabric 0.230 -45
—927pe 926ps —2404ps 2403ps  —2401pe —2448pe 4 Fabric 0.230 90
(a) (b) () 5 Fabric 0.230 45
Fig. 2 Strain recovery analysis results of «,(a), y,(b), 6~9 ub 0.255 0

and ~,(c) through 3D finite element analysis, z,=0.5m
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Fig. 3 Strain recovery analysis results of ¢,(a), ~,(b), A} VA 7188 eHFig. 4).
and v,(c) through VABS analysis, z,=0.5m

—947pe 948us  —2476pc 2469 —2496pe 2449pe O]

} . Table 4 Main wing and aerodynamic properties
2.5 A7H5E3FF7] main spar 33 A

Airfoil - Eppler E387
Chord(m) c 1
2.5.1 314 g Half span(m) b/2 10
4 e Fele] 1/4 m= AHo] gom, 2 W AOAC) a 4
o2 thdo] dAsty, g4 Ae7t AzH 93 gparo|th Free stream velocity Vine 9.4
AA4st old 27] B4l A% ARe 20124 RHEHDT] T coeThdtent d 0.0z
o X Drag coefficient ¢y 0.02120
A AR 3] sk ‘ o] =o) ;

]1_: 3 E}]@:]—Oﬂ A7k HPA 'VOLANTE @] 522 main spar Moment coefficient Ce/t -0.08678
Zﬂu% I Ej% 71‘:}'—7’—6]'31-9—‘# (Lee, 2013), Table 2, Table 334' Lift on half span(N) r 462.6
Fdqey Drag on half span(N) D 11.5

29 5130 AL 3= Zo] Im, &7 4°9] Eppler E387 Moment on half span(Nm) M 47.0
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Aerodynamic

Fig. 4 Description of the aerodynamic loads on the
main spar

£ A7H5 7] main spar] &E FA, W
A7 AANMER ARSIt AAWse] 27Ae UA
Table 3914 A3t nie} o AAMS 2 1o Hele
Table 5% 2] A% sttt

o

Table 5 Range of the design variables

Design variable Min | Max |Initial

Inner radius of spar(mm) 40 60 50

1%, 2" ply thickness(mm)(UD, 0°) |0.150 | 0.500 | 0.255

3" ply thickness(mm) (Fabric, -45°) | 0.150|0.500 | 0.230

4™ ply thickness(mm) (Fabric, 90°) |0.150 | 0.500 | 0.230

5% ply thickness(mm) (Fabric, 45°) |0.150 | 0.500 | 0.230

6™ ~9™ ply thickness(mm)(UD, 0°) |0.150 | 0.500 | 0.255

A s daelee 29k 2 9 1y, B EY UG W,

oW HIEE UMY A4S 27 g 2 &b, 99l &

r’l

ol 2 £% TG, WIE AP
S=2 4 (2), (3)3 2 ¥54 A2, 54 AB2AL
AHESRE oAl okdsh o] BA el WY B
P5e FRTe W] YRS FA3 YuelEe
AR,

123} fA8A ek Aloltt,

oA 3 A3l o A,
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9t ¥ AlFE ENE, VABSE o83 B
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< o] &3l main spar ¥ ©
2 HEE WY A4%(0, ) E A
sttt ole & 7] Bde] Wy B o) Ao do|d Ak
olH, 2] (14)¢] EAIFE ke gt 2AMd 4=
Table 59l E718}%T}.
olglg W& A FHIFE WEA =W, MATLAB
W72l fmincons 53l SQP # At #g-S AXA €t

' <KFLOW_EDISON_5> |

Initial Design Variables

Aerodynamic Coefficient
(For External Load)

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

Process Box

Ve N

MATLAB Script
Initialization

[ S

_% <VABS> ‘
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i
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i .
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|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
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Table 6 Deformation and mass of initial spar model

Fobs g ol 8 SQP 7ol ol QRFEHaEY] Main Spar B A H13 AF

z,~dir tip rotation(®) 0. 0.74313
z,~dir tip displacement(m) w, 0.01454
z,~dir tip displacement(m) wy g 0.61180
Mass per unit span(kg/m) 1 1.12641

W7 R, AANSE w7k 7 iEalgela) VABSSH
Fereka A 1w me 7w A AR, AZE wy, w,,
& AT,

ARG BARST} HEANES AN o= HE 57
A9S W, AN Faskm olF HA WAMGE Agaict

olelgt HA HAANGTE vl O R g main spar Tl thl
VABSE ©]&3 38 3] & (stress recovery)= ‘}F §‘i3
o] FAo] Hel 7Rl dteg Ad7]e] A 9
sttt Bol aAithel 7 B o] EAigitka shdelel
71°ll, main spar®] 2T F T e -§2 3|5 (stress
recovery)< 335t

Fig. 5914 #A18 Process Box el & gL 253}
oz AP Aet. =, 27] AARTS 3 ATE oY
3, AHgs BgS B3l SQP, VABS, 71sketd A H

RUg PEHE A5 TAYY2E AL

_10‘

2.5.4 A#3} 43
Fig. 2¢] #As}t 3PS Adsilon, 1399 ik 3o
A 4] (14)9) BAgG7E SRan. BAgEE g
o sk 1Y ZE Fig. 69 Uehliglen, 5243w
b ZollA w23 dold Ak 7t wiaaby & Eell Mslehe
IYRZE Fig. 7 YRR,

A5} 3= Sall A A4 AASE Table 73 2t
ae)m #H7 A WY, B 29 ZolR A Table
831} Zt}. HA AAE 7] AA 1 | oA
FA7F E9¢h. 2 AY, main spar T 23 Ao Aak

oo, o}m o}m

Mass according to SQP iteration

112

Mass per unit span [kg/m]

1.02

6 7
Iteration

Fig. 6 Mass according to SQP iteration
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Objective function according to SQP iteration

/£ (1)

Objective function f(x;)

02 EY

Iteration (k)

Fig. 7 Objective function according to SQP iteration

Table 7 Optimized design variables

. Optimized|_CmParsion

Variables value with initial
value(%)
Inner radius of spar(mm) 52.16 4.32% 1

1%, 2" ply thickness(mm) (UD, 0°) | 0.255 0%

3" ply thickness(mm) (Fabric, -45°) | 0.202 12.7% |
4" ply thickness(mm) (Fabric, 90°) 0.226 1.74% |
5" ply thickness(mm) (Fabric, 45°) 0.209 9.13% |
6" ~9" ply thickness(mm)(UD, 0°) | 0.205 | 19.61%|

Table 8 Deformation and mass of the optimized design

Optimized Comparsion

Variables design With. initial

design(%)
z,—dir tip rotation(®) 0, | 0.74083 0.54% |
z,~dir tip displacement(m) | w, | 0.01474 1.38% 1
z,~dir tip displacement(m) | w, | 0.62070 1.45% 1
Mass per unit span(kg/m) | 1.03761 7.88% |

A o] 724 ke Bkl Sl
St 52 B9 (stress recovery) %

(strain recovery)< 3Tt Heol A|x
B Uy 9 BelEZ RASIGT ], o] 9A]e Jﬂoﬂ st
3|8 gl Wy E 3 & M it TS Y g
1

A 250 34
&

_,v

J_

1
Ee 7lse Y B Et,ﬂ__l 7o) A Ank2 Abgsleith
WP E 5o 234E Ao A3AE vehd 3 Fig. 8%
E220 B L A P ’7138 A7)z, o2, B xS

WA g, B9, 7 ARe =4 HEANA] B9 o4

A= EYE Von-Mises 57} ¥&E (equivalent Von-Mises

strain) & A 27 vldE Fe9H. o]& Table 99
FABIH e, B A3 HA HdAle 124 AFE F53]

A e,



Table 9 Material allowable strain and margin of safety,
z,=0

Allowable| Max.
Material strain strain

(pe) (pe)

Margin
of safety

Carbon UD(1%, 2™ ply, 0°) 3809 1035 3.68

Carbon fabric(3' ply, -45°) 8259 1047 7.89

Carbon fabric(4™ ply, 90°) 8259 1007 8.20

Carbon fabric(5"™ ply 45°) 8259 1082 7.63

Carbon UD(6"~9" ply, 0°) 3809 1085 3.51

7N TN

X2

—1314ps 1313ue  —181pue 185u£
[ ] [ .
(a) (b)
X3
L X3
—36ue 283pue
[ -]

Fig. 8 Strain Recovery Analysis Results of ¢, (a),
1, (b), and ~;(c) at Global Coordinate, z,=0
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