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Motivations & Objective 1€ ‘L”

- Project started with an ESA feasibility study

Gap for systems with + high-resolution imagery
+ extensive & selectable coverage

> Study the feasibility of solar powered flight on Mars
> Develop and realize a fully functional prototype on Earth
and demonstrate continuous flight
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History of Solar Flight

Started in1974

90 solar powered airplanes listed from 1974 to 2008

Sunrise (1974)
1*tsolar powered flight

Solar Riser (1979)
manned, battery solar
charged for short flights

Gossamer Penguin (1980)
1*t manned solar
powered flight

Solar Challenger (1981)
manned, channel
crossing

Sunseeker (1990)
manned, crossed
the USA in 21 flight

e

Helios (1999)
umanned, flew at

>29’'000 m

Solong (2005)
1°t continuous flight,
used thermals

Zephyr (2005)
umanned, flew 83h
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State of the art

Many solar airplanes in History
=>» ... but no clear design methodologies explained
=» anyway useful practical papers on case studies
[BOUCHER79, MACCREADYS83, COLELLAQ4]

Many design methodologies...

Faszination
Solartechnik

=> ... but rarely validated with a prototype [REHMET97, WEIDERO6]

=>» very often nice design methods
[IRVING74, YOUNGBLOODS2, BAILEYQ2]
but based on weak models for:
- Weight prediction
- Efficiencies
=>» ends with irrealistic designs

[RIZZO08, ROMEOO4]
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Contributions | 9‘&_”

- Design methodology

Introduction — Sim p|ICIty

* Motivations d .
* History of Solar Flight — Large design space
e State of the Art

— Concrete and experienced based

Design Methodolog
Sky-Sailor Design
Sky-Sailor Prototype

— Flexible and versatile

Scaling

Conclusion - Theory validation with a prototype

— Achieve > 24h flight

— Autonomous control

- Draw up a state of the art on solar aviation
— History

— Publications
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Design Methodology ne ‘

Energy balance

Introduction \ Solar Panels MPPT Motor,

Converter Electronics,...
* Required Energy ' ../
* Solar Energy

* Weight Models Batterles

* Resolution Night
Sky-Sailor Design Day
Sky-Sailor Prototype

Scaling

Conclusion

Weight balance
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Methodology

Sizing the airplane : hen & egg problem

a[ av+ mp!d

Fixed masses

Airplane Parts
- Solar cells
- Battery
- Airframe
- Payload

=>» Total weight

ht balance

'}Tolal »l 3l . = B

Aerodynamics & flight conditions
=>» Level Flight Power

Electrical power
for level flight

L

2NN Mot Nter

nergy balance |_1 b4
b (1 i Tnigm 1 \ 1? gy a_‘nbec (EV+PM)J_’(

Total electrical 2
power consumption

Ty “9@:9.1‘_99@59,_} Ima

- This loop can be solved:

A Iteratively (trying existing components, refining the design)

- Analytically (

using mathematic models of the components)

=>»Allows to establish some general design principles
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Required Energy | S ‘L"’

- Equilibrium at steady level flight

P o2
L=mg=C, —Sv [ 3
Introduction : -2 P =DV = C:?/Z (mg) ’E
Design Methodolog yo, CL S o,

D=T=CDESVZ

* Solar Energy
* Weight Models
* Resolution

- Power required

Sky-Sailor Design

Sky-Sailor Prototype 1 Metn ot 77grb 77plr
Scaling P = P i I '
= electot level Bl - M - - P
Conclusion 77ctr| 77mot779rb77 plr LT j }: EEZ e
I:)electot
1 T S P+ P
+ (Pa.v i l:’pld) ’ TTIi i Bl
bec
nbec

- Daily energy required

T.
. night
electot — Pelec tot [Tday +

77chrg 77 dchrg

E
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Solar Energy |

- Daily average solar irradiance

1000

Exact model

—Irradiance ~ cosine

[+

(=]

o
T

(Duffie & Beckman)
Sinusoidal model

. T

__ “max day
day density — T /2 Twthr

=

Irradiance {W!mz]
g [+2]
] s

200+

— lax Taay =f(date, location, weather)

- Daily energy obtained .
N -».:: ;;:ﬂqzlr
Eelectot = Eday density &c Mo Nepr 77mppt

Solar
Panels

77 sC 77cbr

Tday
b Y o T S 0
0 2 4 6 8 10 12 14 16 18 20 22 24
Time [hours]
" [P
E . ;'—”‘AS = Bl = £ |= E
day density, gg__f«_‘_; [ . electot
1]

Maximum Power
Point Tracker

77 mppt

- Daily energy required = Daily energy obtained
= We compute A,
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Introduction
Design Methodolog

* Required Energy :

* Weight Models
* Resolution

Sky-Sailor Design
Sky-Sailor Prototype

Mechanical power "

for level flight i

" T]ctn‘ rlmol ngrbnpfr
:

a

Scaling

Conclusion

Electrical power

for level flight

v
P
o

1
Nbec (Pav " Pp:'d)

Total electrical a;

power consumption
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Weight Prediction Models | ® ‘L”

« Fixed Masses

- Payload m,

- Avionic System (Autopilot) m,,

- Airplane Structure
—In the literature
- [BRANDT95, GUGLIERIQ6,...] consider W, =k -S
=>» valid locally
- [HALL68] calculated all airframe elements separately
=>» complex, only valid for 1000-3000 |bs airplanes
« [STENDER69] proposed W,, =8.763 n°** S%7"® AR%*
=>» very widely adopted
= adapted by [RIZZOo4] to UAV W, =15.19 S°** AR
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Weight Prediction Models i\ S ‘L”

« Verification of these models

— Database of 415 sailplane

Introduction

— Structure Weight vs Area 10'f

Design Methodolog AR
* Required Energy =>» Models don’t fit well ;
* Solar Energy 40
10°} .
* Resolution ‘Lr\llrtir;;{-);aatign1 _05]; e;I\IRs%_r_}"lPIes ) ‘. 35
Sky-Sailor Design % 30
Sky-Sailor Prototype 2 . 2
. 107k 25
line New model proposed : 5010 AR
: . - 20
Coe el — Same equation, new coef. 2
15
— Least square method fit 0f "
— Data set divided in two e 5
0 . 1 1 |
— 5 iterations = 5 qualities e o o 02
. 2
— Best 5% model: ot

W, =0.44b*°. AR
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Weight Prediction Models

Biologists already studied flying |
in nature to extract tendencies

Introduction

Design Methodolog [TENNEKES92] Pl’esentEd the

o R85 7)—s
* Required Energy « Great Flight Diagram » o e
e Solar Ener : i Paihfinder Plus— f WIS = 44.8 (W'"*-9.9)
8y Clear cubic tendancy : PRI E Oy

2 0553 'esrmr‘
* Resolution ; ongane—X

. Zephyr——X

Sky-Sailor Design Our model is // to Tennekes curve i B e
Sky-Sailor Prototype :
Scaling [STENDER69,RIZZOO4] seem 2
Conclusion incoherent g

10°

10° |

10" £

ed solar airplanes [78]
Il solar airplane [8]

raal sl
10° 10" ¢

Wing loading W/S (h:l!mz)



Required Energy

Introduction
Design Methodolog

* Required Energy
* Solar Energy

* Resolution

Mechanical power "

for level flight i

" T]ctn‘ rlmol ngrbnpfr
:

a

Sky-Sailor Design

Sky-Sailor Prototype Soiar”
cells area

Scaling

Conclusion

Electrical power

for level flight

—l‘
.2 . o Caine ¢
T (1+ngm 1 \ 1 o Nbec av pld L
Total electrical 2
znscncbrnmpp!rlwmr Tday nchrgndf?hfghﬂﬂx power consl,umption
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Weight Prediction Models i\ ® ‘m

e g
- Solar Cells
—Surface = f(cells properties, required energy)
Introduction — Weight proportionnal to the surface
Design Methodolog
* Required E —
- SolarEnergy My = A (K +Kenc)
* Resolution
Sky-Sailor Design - Maximum Power Point Tracker | - Vesteodwes
Sky-Sailor Prototype . o :
scaling —Study of high efficiency MPPT
Lomden > Weight linear withP__ = | ;
% : 2368 Wikg_~
mmppt = I(mppt I:)sol max § 102; : :
[ : i Mass [g] Power [w] Eff [%]
= kmppt Imax NscTleor™ mppt A%c v gg:ngnaelraqer S 10 %
5 AcPropulsion Solong 100 300 98
] Biel MPPT 650 1200 99
. 10T g oIS S e o
- Batterie ; 1 1 t,
10° 10 10
Mass [Kg]

— Weight proportionnal to capacity

T.
. night
mbat - k I:)elec tot
ndchrg bat
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Required Energy

Introduction | + |
a Moy ™ Myig Fixed masses

3

Design Methodolog
= = kafAR"Z}j
* Required Energy b_"‘I 8 ,pg Massof

* Solar Energy

L "2 plane structure

* Resolution

Mechanical power "

for level flight i

" T]ctn‘ rlmol ngrbnpfr
:

a

Sky-Sailor Design

Sky-Sailor Prototype Solar
cells area

Scaling

Conclusion

Electrical power

for level flight

—l‘
.2 . o Caine ¢
T (1+ngm 1 \ 1 o Nbec av pld L
Total electrical 2
znscncbrnmpp!rlwmr Tday nchrgndf?hfghﬂﬂx power consl,umption

13/30




Introduction
Designh Methodolog

* Required Energy
* Solar Energy

* Resolution

Sky-Sailor Design
Sky-Sailor Prototype
Scaling

Conclusion

Weight Prediction Models

Maximum Continuous Power [W]

- Propulsion group

AN

T -

— Existing models but none is proven on a large range

—Very large databases created

~

170 electronics controllers

6264 motors

997 gearboxes
Q73 propellers

Hobbyist Brushless [784]
Faulhaber DC [122]
Faulhaber BL [41]
Maxon DC [1088]
Maxon BL [155]
Namiki DC [15]
Namiki BL [12]
Portescap DC [24]
Various Tiny DC [23]

1

Maximum efficiency []

FoddD0DD00C X

10° 10" 10°
Mass [Kg]

:> Interpolated Models

0.9
0.8
0.7
0.6
0.5
0.4
= B % Hobbyist Brushless [224]
0.3 B by . O  Faulhaber DC [122]
¥ o O Faulhaber BL [41]
VYV ¥
o Maxon DC [1088]
0_2 . S o P o Ma)l:on BL [155]
3 8 v Namiki DC [15)
0.1 W - =4 v Namiki BL[12]
& A A Various Tiny DC [15]
0 ; 2 1 ; 0 = ; 1 2 I 3 B
107 10 10 10 10 10

Maximum Continuous Power [W]
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Summary and Resolution i\ ® ‘m

+
a Fixed masses
kaf AR’Q}?‘
a; ~ s Mass of

X
[b '] "B plane structure
Introduction Koot Kepe
. as . Mass of solar

* Required Energy ) k@gﬂ_lm{nﬁgn@fnmggvj >g:|: Mechanical power
* Solar Energy : o5 Mass of for level flight
* Weight Models Solar — 1 == mppt 1 -

& cells area Tn@,m

ndchrg kbal't = ncrn‘rlmolngrbnpfr

. . a; Mass of i

Sky-Sailor Design > X Batlery

Sky-Sailor Prototype

k x Mass of
Scaling i _’;} propulsion group

Electrical power

Conclusion AP e
.Ef* | a, 1 B, +B) _"_)
) (“ﬁjgm L) | M
Total electrical L |
2nscncbrnmppfnwmr Tdar Tlcmg"ld,,h,,g}!mx Sower e

Mission parameters
Airplane’s shape variables
Others: Technological parameters

=» Search b and AR for which the loop has a solution
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Sky-Sailor Design
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Methodology application | ® ‘L’g

- Mission parameters

— Solar flight possible 3 months in summer (Tday=13.2h)

—50g payload consuming 0.5W

— Flight location CH, at soom above sea level

—
—

—_
o

Speed [m/s]
<s]

50
40
30

20

10

Power at Propeller [W]

Wingspan [m] Wingspan [m]
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e Real-Time Simulation
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Methodology application

8

I P-yload
I Avionics

7T| I Airframe
[ Batteries

6 | [ Solar panels
[ 1Mppt
[ ]Propulsion group

[8)]

Mass [kg]
i

w

2.55/-———————= R ——————— - -

1 2 332
Wingspan [m]

- Sky-Sailor Layout

—3.2m wingspan

—0.78m?wing area (0.525m? covered by cells)

—14.2W for level flight (electrical)
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Sky-Sailor Prototype
Scaling
Conclusion

Real-Time Simulation

Objectives

—Validate the design

(OIS

—Analyze energy flows on the airplane each second

— Rapidly see influence of parameters change

Time in second since 00h00

161 10june  GMT shifl in hour

166 15 une

Nr of days since
15t of january

STATE OF THE PANELS
o |

Orientation (direclion of x axis)
(0 = south 90 = east)

Slope

GEOGRAPHIC POSITION

Initial Energy in the Battery [J]=[Whx3600] Integrator

Maximum

Irradiance [Wim2]| Electrical Solar Power

’—-I

Discharge or Charge Energy

Ballery Energy [J]={Whx3600]

Charge Efficiency o e
nery i
in the Battery

Discharge Efficiency

Energy in the
Battery [Wh]

after MPPT [W]

SEED

Latitude ( -90 1o +90, positive is north)

5568
Longilude ( -180 to +180, positive is wesl)

=}

Altitude

GROUND REFLECTION

e

Albedo

Wimz2]
]
|

b A 4

Pawer[W]

»
ol
!

u

Surface of Solar Cells [m2]
Efficiency of Solar Cells cells
0.93

Cells Configuration Efficiency

Efficiency of lhe MPPT

Efficiency of the MPP Tracking

SOLAR GENERATOR

Motor Electric Power [W]
E
Electrical power needed
for autopilat [W]
Electronic Power [W]

Cha
or

POWER CONSUMPTION

Electrical power needed
for Radio-Modem [W]

&, Discharge
ercharge

Electrical Power needed
for Leveld Flight [W]

Vertical Vorodg during
Descenl {metor OFF) [mis]

Vertical Vielocity during
Ascansion [m/s]

Power during
Ascansion [W]

Initial Altitude m]
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Real-Time Simulation
.

Simulation of a 48 h flight

—On the 21t of June
— On the 4th of August (+1.5 month)

Introduction
300

Design Methodolog
Sky-Sailor Design
* Meth. Application
70 T T T I I I T I I 2 T T T I I
[ 57W . |= = = +Solar electrical Power (output of MPPT) : ; i = Charge/Discharge Current
601 i", e . Used Power (Motor+Autopilot+Com) || Ba:ttery f"':“ at 12?‘“ = = = Battery Energy
Sky-Sailor Prototype ’ v || asssssss Charge/Discharge Power - - i 3 . : : :
5 PE 3?‘:;?3;“." Unused Power (Margin)
_— Wy B S— L L L
Scaling " e 1 : ] £l g : : ; : :
) 3 : ] ¢ iy : ; ' : : . :
R . A : : . " . Highest Battery [ - e
______ K 2 Qe ne seporee: marenazanmes e e Reriiemy: me sprvaene 2 sued 1 - : L ry L) ——— ; 2
Conclusion 40 (¥ i e i i Sor s g =\ 00
= v : e ) z \ : .' % =
E 30-': BERE T T SRR A R B e B T Reaic o snwioaim: s S e ' E
5 [ FE -\ (|Start of battery . . g 1 >
z . i | Juseat17h35 . - 1 £ i g
o 20-,.,:,.?,. RS & A RE {7 - iE ekl sorlc o sponen o [ : a l Lﬁ
. 3 B 1 ! r
et = - el - o Yk 100
5 ) i At of '
O -t o wie e & B i ey
: 5 H ] oE ! H 1 : ! I
g . . ¥ i s 3 . I 2 o o 2 I B :
O fr et . .A.:_..' .............. L 7! : : : % p : : : : \‘
i R . E iR L ' i Lowest Battery
o i ; e il ; i i e bl iy 4 i i i Capacity 2Wh i "'0
b 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50
Time [hours] Time [hours]
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Sky-Sailor Prototype
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* Aerodynamics
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Conclusion
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Sky-Sailor Prototype \ S ‘u

Configuration
3 axis glider, V-tail, constant chord
Adapted from « Avance » record airplane of W. Engel

Introduction Naturally stable
Design Methodolog

: : Structure
Sky-Sailor Design ) . .
Skv-Sailor Prototvpe Composite materials (Carbon, Aramide, Balsa)
Spar-Ribs construction method
* Aerodynamics i
e Solar Generator Wingspan 3-2M
« Propulsion Surface 0.776 m?

* Autopilot

Empty Weight  0.725 kg

* Modeling & Control
* Experiments

200 930 980

Scaling

625
Conclusion . J
vl i
Klappradius R 28

Sl

00g

0s
0se

3240

i
[| 680
i

*m"i
Tel

19/30



Aerodynamics | L‘_”

4!.1; e
Dedicated Airfoil we3.55-9.3
Nominal flight speed 8.4 m/s
Nominal flight power (2.55 k W
Introduction ) . g P ( 55 g) 9
Design Methodolog Glide ratio 23.5
Sky-Sailor Design Vertical glide speed 0.35 m/s
Sky-Sailor Prototype
* Config & Structure
15 15
* Sl R [ e o san
oPropu|s|on ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, | FGEEeetaceat JEnESEC e or
* Autopilot e I - PR
L Modeling & Control -=\ Tl de e de I T
* Experiments 1 Lot i 1k
Scalin I R FACH RS E ~ : ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Conclusion % NELLLLILD @ Ll g
5 i,
E 05 E.\ % 05_. i ... ,,,,,,
= VRN & SRR I TR 80000 |/
: RibRRE T gl —— 100000]
""""""" g | — 1200004
0.0 e et —— 140000 {
» ~+| = 160000 |
N ~—— 180000 |
N -~ | —=——200000 |
S ...{—_300000'
_O.5Illllllllllllllllll _U.Siiii [T TR N N T N M S |
0 0.01 0.02 0.03 0.04 -10 0 10 20

Drag coefficient C p[-] Angle of attack [°] 20/ 30
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Design Methodolog
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* Config & Structure
* Aerodynamics

* Propulsion
* Autopilot

* Modeling & Control
* Experiments

Scaling
Conclusion

Solar Generator

Solar Maximum Power Battery
Panels Point Tracker

216 RWE solar cells (17% eff, ~9go W max)
— encapsulated into 3 solar panels
— non reflective encapsulation

Maximum Power Point tracker
— 97 % efficiency for 25 gand go W

Lithium-lon battery
— 250 Wh, 1.056 kg =» 240 Wh/kg
— cycle efficiency 94.8 %
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Propulsion group | S ‘L”

TN,

Introduction
Designh Methodolog

Sky-Sailor Design High efficiency Propeller from E. Schoberl

Sky-Sailor Prototype — 60 cm diameter

* Config & Structure — Carbon

* Aerodynamics .

e Solar Generator - 85-6 % efﬂCIenCy

* Autopilot . .

» Modeling & Control =» Program created to select the best motor & gearbox combination
* Experiments out of 2600 motors

Scaling

Conclusion Gearbox

— Spur gearhead, own development

Brushless Motor (LRK Strecker)
— 86.8% efficiency
— Excellent cooling
— Low weight

Jeti Advance 45 Opto Plus brushless controller
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Autopilot 1©

- Special needs (solar panels monitoring,...)
- Extreme weight & power constraints
=» Own Control & Navigation System

Introduction _ Linkto videos:
] h | http://www.sky-sailor.ethz.ch/videos.htm
De5| = n Met Odo o = M Energy Flows On Sky-Sailor S [ 3 U Gur i i o [=] 3]
Sky-Sailor Design W1 MOTOR s T
. W Power[W]: 0.55 _ lﬁ
= Current[A]: 0.02 MPPT #1
Sky-Sailor Protot el e gt =

P [W]: 15.455

* Config & Structure 0w
* Aerodynamics sw
e Solar Generator

* Propulsion AT

1]A]: 0.380 = &

3500 3:

Send Lat Lon
See Trajectory| Reset Time

pBePont—

_—

Voltage[V]: 32.13
Capacity[Wh]: 32.13

P [W]: 12,767
Autonomy[h]: 32.13 W

* Modeling & Control
* Experiments

MPPT #3

Scali oltage[V]: 5.55 ; 1[A]: 0.450
caling Current[A]: 0.24 P [W]: 15119 (=
Power[W]: 1.35 _ 15
Conclusion T
’ Q Temperature ['CJ: 50.00 penE:Setain
Limit Current S| @55 Reset Colors
Fie
ResetWPPTs| Sieep Wode |
Leds ON. Leds OFF o z
ol — GPS Pressure sensors Send Filter Parameters
Time 18:01:49 Lat 47.100412 17deg 6.024700min .
Roll [] -0.96 9 — Hiscell _——
ot Il GPS Fixl Lon 8.722972 8deg 43.378300min el
B[] 121 AGPS 100570 Alt Press 948.30 csbx
Yaw []] -12.18 Spd GPS 9.70 Spd Press 6.68
Head GPS 0,52 Head YAW 12.1 High Ivl ctrl ON
A
Acc [m/s2] Mag [nGauss] Gyr [deg ’s]
&7 clear
trace

Ralk 0deg Pitch: 20 deg
Speed: 15 mfs Voltage: 123V
(19:49:25) UAV_REPLY: Set Point modified
[19:49:25) ORDER: Set Point Sent Ralk 0deg Pitch: 20 deg
Speed: 15 mfs Voltage: 123V
(19:49:26) UAV_REPLY: Set Paint modified
[19:49:59) ERROR: COMMUNICATION LOST
{19:54:07) ERROR: COMMUNICATION LOST

(19:49:24) DRDER: Set Point Sent

Clear log
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Design Methodolog
Sky-Sailor Design
Sky-Sailor Prototype
* Config & Structure
* Aerodynamics

e Solar Generator

* Propulsion
* Autopilot

* Experiments

Scaling
Conclusion

Modeling & Control | S ‘L’g

Goals
Tune controller parameters
Test Navigation algorithms
Evaluate airplane capabilities

F, = Fpmp+2|: +F,

tot_ZMi+FLixri+Fdixri

prop - f(X Ul)
P
li CI| 2 i
P2
di di 2 i
M. =C_ gsiv2 -chord.

6 CaGul= 1000.U)
G, C; Ci]=f(A0g) fori=234
G Cs Coe] = F(A0R,U,)
:QG Cas CmG] =f(Aog,U,)
_Q7 Car Cm?] = f(Aoa,U;)
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* Config & Structure
* Aerodynamics

* Solar Generator

* Propulsion

* Autopilot

* Modeling & Control

Scaling
Conclusion

Experiments

- Several tests with subgroups
— Efficiencies increase
— Weight reduction
— Adding functionnalities

— Safety increase

- Flight tests with a

non-solar proto

— Aerodynamics validation
— Power consumption verification
— Autopilot electronic tests

— Control & Navigation tuning

- Flight tests with the Sky-Sailor

— Solar charge

— Long flights (>3h)

— 24 hours flight

Flight videos:

http://www.sky-sailor.ethz.ch/videos.htm




~

27 hours flight, 215t of June 2008 || Q‘L‘_”

. P
Conditions
— Excellentirradiance
— Bad wind conditions =» more power needed during the day

Introduction
Design Methodolog

Sky-Sailor Design Achievements >
Sky-Sailor Prototype %’
* Config & Structure — Duration: 27h 05 g
* Aerodynamics . @
* Solar Generator — Distance: 874 km
* Propulsion B
« Autopilot — Av. speed: 8.4m/s = | EEE% f
* Modeling & Control — Mean power: 23+1 9VV % R
Conclusion — Eobtained: 768 Wh %1

:

.’;‘

:

0 i i i i i i i i i i i i i
12 14 16 18 20 22 24 2 4 6 8 10 12 14 16
Day time [h]

=» Continuous flight proved to be feasible without
thermic or altitude gain

25/30




Introduction

Design Methodolog
Sky-Sailor Design
Sky-Sailor Prototype

* Down: MAV
* Up: Manned & Hale
* Epot & Thermal

Conclusion

Scaling & Other considerations
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Down Scaling

Drawbacks
— Efficiency of propulsion group N
L
e —~ At low power, DC motor but no BLDC ;

Design Methodolog
Sky-Sailor Design
Sky-Sailor Prototype
Scaling

— Servos below 5 grams =» poor quality

— High Edensity batt not easily scalable

* Up: Manned & Hale
* Epot & Thermal

— Autopilot sensors limited (due to

Conclusion

weight, ex: no tiny GPS or IMU
— Silicon solar cells scale in 2D (not 3D)
- Not flexible for low radius
- Weight percentage &

—  MPPT efficiency N (V IN yppr P)

diode loss

= No 24h solar flight at MAV size, but day flight possible
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Introduction
Design Methodolog
Sky-Sailor Design
Sky-Sailor Prototype
Scaling

* Down: MAV

* Epot & Thermal

Conclusion

Up Scaling

Drawback
— Structure weight ~ b3
— Theory said it should be ~ b?

=» The bigger they are, the
lighter the construction
method has to be

=>» Fragility & Risks

=>» Continuous flight possible
only for 1 or 2 passengers but...

=>» Low speed (long flights)

= No comfort possible

Weight W [N]

10

™

Ideal airframe weight 10| 20
prediction model zone (
depending on AR

Noth ?ﬂ}anlp!ane
Top 5% model
WIS = 0.59 W2 SAR
with AR = 20

Noth Sailp!ank
Mean model

WIS = 2.94 W37 AR 045
With AR = 20

McCormick Boundaries

WIS = 855(W”399)
WIS = 44.8 (W'3.9.9)

. lcare Il
Solair Il
Solar Riser,

Solair |

Tennekes Curve

WS = 476W”3 s
W =9.66°(WiS)

1\5-# & -
,;é“
4
\0\-\6”5

Note: considering a fixed
ratic between gross and
airframe weight, passing
from the airplane to its
airfframe on this graph is
done with a down left
translation

* unmanned solar airplanes [78]
x manned solar airplane [8]

| L Lol Il el

10

10 10° 10° 27/30 10"
Wing loading W/S (N/m?)



Potential Energy & Thermal soaring| 9‘“
B

Two possibilities to increase flight endurance are:

Introduction

Design Methodolog

Sky-Sailor Design — Use of altitude to store energy
Sky-Sailor Prototype

Scaling + less battery needed

* Down: MAV . . . . .
+ Up: Manned & Hale - altitude varies =» aerodynamics not optimized for a

Conclusion ﬂXEd denSity
— Thermal soaring
+ free climbing, save energy

- require a method to detect & soar thermal
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Introduction

Design Methodolog
Sky-Sailor Design
Sky-Sailor Prototype
Scaling

Conclusion

- Methodology developed

- Prototype built

. L
g -
e
[
f

.

o

2 i

3. .
L] .

= _ ; REE ‘ =TT ) .
%¢E¢J L 2T | | | F T

Simple and versatile N

Valid on a large range e e EEH
Solid weight & efficiency models
Allows fast feasibility studies
Allows to identify bottle necks

Masimum Continuous Power [W]

= Hobliyist Bristiess (764
1 Faulhater DC 122

Validation of the design =
Continuous flight proven
Very good know-how acquired

7

Solar Maximum Power Battery Motor Motor Gearbox Propeller
Panels Point Tracker Controller
17% 97% 95% 87% 95% 85%

1%
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Conclusion | 9\“

- Scaling problems

— Down: efficiencies and aerodynamics

Introduction — Up: large wing structure

Design Methodolog
Sky-Sailor Design * OUtIOOk

Sky-Sailor Prototyp ici
alior Frotolype — Increase # parameters (efficiency = f(power))

— Flight algorithm learning energy saving
— Thermal soaring
— Building: improve costs, time & robustness

Scaling
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Future of solar aviation \ 9‘ :
A=

MAV size
— Needs still many improvements (eff, aerodynamics, batteries)

Introduction

Design Methodolog
Sky-Sailor Design
Sky-Sailor Prototype
Scaling

At 2-10 meters
— Forest fire monitoring
— Pipeline surveillance

=> In10 years with tech. improvements (batteries, solar cell)

HALE
— Act as mobile phone antenna
— Real need to stay airborne
=> Will require many improvements (structure,batteries)

Manned airplane (transportation)
— High fragility, risks and long trips
— Even with a 100% eff. airplane, problem is the sun!
=> A better idea would be to:
=» Transform E,,, on the ground = H2
=> Use H2 in flight (fuel cell & electrical motor)
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Thank you for your attention

Introduction QUES‘UOHS ?

Design Methodolog
Sky-Sailor Design
Sky-Sailor Prototype

Scaling

Special Thanks to:
— Prof. Siegwart and the entire ASL
— Walter Engel & all the people who worked on the project

— Doctoral comity
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Appendices

Solar Generator

— Spectrum, Albedo, Sun angle

- T & max

- Best research cell efficiencies

- |-V curve

-  MPPT

Integration in the wing

Energy Storage

— All solutions

— Energy density of fuel

— Lithium-lon battery evolution

Propulsion Group
— Motors

— Propeller
—  Weight prediction models

Autopilot
— Schematic
— Telemetry
— Power consumption
—  Placement
—  GUI (thermals)
— Simulation & modeling

D

T -

Overall

Energy Chain

Solar Airplane: light and slow
Weight-Power-Autonomy
Methodology Resolution

30 Parameters

Weight distribution

Appllcatlons

Potential applications
Sky-Sailor

MAV

Manned

HALE

Mars

Other

Using thermals
Sun Surfer
Design phases
Airframe model
27 hours flight
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Solar Generator

Solar Generator




Solar Energy | *) L”

UV | Visible | Infrared —p

Sunlight at Top of the Atmosphere - AM0

v

5250°C Blackbody Spectrum

Solar Spectrum

Radiation at Sea Level - AM1.5

Spectral Irradiance [Wlmzlnm]

Absorption Bands
COz H20

0- 2 z
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength [nm]

Direct, diffused
and reflected light

&
OC}e

Angle of incidence
variation




Variationof T, and [, .,

Maximum iradiance per day
10co

Irradiance max [‘Mrnz]

‘MJJH|SDND

50 100 180 am 250 300 0
Day ofthe vear

Duration af the day

Diay durztion [h]

50 100 150 210 250 300 380
Diaw of the year

along year

R S
E B EEEE B B

Energy [Jim]

Day of the yaar

Cezily energy coming from the sun

0 501 WD 150 20 220 0 30 350
Day of the year



Solar Cells Research i\ ®

44
Multijunction Concentrators Best Research-Cell Efficiencies ok
¥ Three-junction (2-terminal, monolithic) (meﬁmofphiC}T
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35| ASingle crystal Spectroleb (inrﬁ%d
A Concentrator semimismalched)
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Battery voltage [V]
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Solar cells integration

Structure




Energy storage

Energy Storage




104 - T T T rTTT T T T T TTT T T T T T I TTT T T T TTTT T ]
— Super -
5 = Capacitors ]
I~ Advanced Flywheels 7]
2 /]
&
108 N Conventional
E‘J — Flywheels Methy! =
‘%- 5 - _ H, ICE Alcoh —
=. — Lithium lon \ Gasoline —
= L /
033 5 > Ni/Zn
o e
S 102 b
X —
® — & N\ . -
[} — @ ) f Zn-Air -
o S c‘?‘é Pb-Acid LiM/FeS, ]
B R
& Z
2 . AC - H,Fuel Cell
-10 1 | L1 1111 | 1 L1 1111 1 | L1 1111 | 1 L1 1111 1 | L1 1111 1
102 2 5 107 2 5 1 2 5 10 2 5 10" 2 5 107 2

Specific energy density [Wh/kg]




Energy Storage \ L:}’

Energy density of some reactants [kWh/kg]
(LHV Lower heating value)

10

Hydrogen 33.3
Methane 13.9

Propane 12.9

/g Gasoline 12.2
F Diesel 11.7

Oil (Colza,...) 10.4

Ethanol 7.5
Methanol 5.6

Sugar 4.4

Best 2008 Lilon Battery 0.

=» Important to keep in mind Availability / Efficiency of converters



Lithium-lon battery evolution i ® ‘m

600 — —3
S
=
£ 500 — —25
=
S 400 2
>
3 300— —15
CD \J
o
> 200 — 1
Q
e
“' 100 — —0.5
0 0
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
== [Wh/[] 204 208 250 260 271 281 292 321 343 386 428 471 471 514 514
== [Wh/Kg] 88 90 108 113 114 119 123 135 143 159 172 189 189 202 202
+[US$/Wh] 3.17 2.63 2.09 1.75 1.71 1.24 0.95 0.59 0.51 0.42 0.35 0.35 0.33 0.31 0.28
Energy density  + 6.6%/year
Price -17%/year

Price [US $/Wh]
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Propulsion Group



Brushless Innenlaufer
Hacker B20-76L (2Pol)
Planetengetriebe 16:1

Gewicht 72g

Brushless LRK
Srecker228,10 (40Wdg;
16 Pol)
2-Stufengetriebe 9:1

Gewicht ca.90g

Glockenankermotor
MAXON DC RE 25, 20W
2-Stufengetriebe 8,08:1

Gewicht156 g



Propeller 1©

Designed by E. Schoberl
» « Master of Prop »
» Also worked on Icaré and other solar

0.9

airplanes 14
08
~ 064 o5
<
S 04 E 104
£ ] ‘ '
L )
024 F 103
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1
000 0.1

10 - 1/
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150 4

; 10~
E 8
100 5
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1500
0- 0-
20 : 1000 1000
10 Propeller 2 10 500  Propeller
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Civil aircraft propellers
Solar airplanes propellers
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Autopilot

Autopilot




Autopilot overview {

Li-Po Accu Ix
Power| 6x8 cells 7200mAh, 28,8 V 2 x 36 Si Solar Cells
Data A
r i ~20V  144A max J,
o B
l = -
I ~20v 144Amax [ L I
~30V 2.88A max = G| I i
~20V 144A max 1
LS
RC Receiver Altimeter Airspeed sensor GPS
Sexta MS5534 DSDX NB1041

OV7648FB

usB

RS232 RS232
Radio Modem {or GPRS) IMuU
XStream OEM module Xsens MTX

Motor Servos




Telemetry 1©

Autopilot V2 0x60 Module address (xaoin piwatcn) Radio-Modem 0x40 Module address oeon pewatn
] ] 0x22 r Pressure Isb [Iinternal Unit] 0x22 r Pressure Isb [1/10 mbar]
Eleqtr;:c SCh_e,rgatIC & 0x23 r Pressure msb [intU] 900 Mhz 0x23 r Pressure msh [1/10 mbar]
egis erso\:m' 0x24 r Raw pressure Isb [intU] 0x24 r Temperature Isb [1/10 °CJ]
p— 0x25 r Raw pressure msb [intU] 0x25 r Ter_nperature msb [1/10 °C]
— Battery V4 [24-33.7V] 0x26 r Pressure offset Isb [intUf | 0x26 r Altitude Isb [1/10 m]
————— Bec V+[56V] 0x27 r Pressure offset msbh [intU] | 0x27 r Altitude msb [1/10 m]
Digital Electronics 0x28 r Speed Isb [1/100 m/s] 0x28 r Error
0x29 r Speed msb [1/100 m/s] i 0x29 r Time hour [hr]
- 5\5: \r’;;ilat‘edm 0x2A r/w  Melody A2 EE 0x2A r  Time minute [min]
= 3V regulat 1 —waiting gps 0x2B r Time second [sec]
p— it v it il 0x2C r  Latitude degree [deg]
Other data line (PPM, RS232) 4 -Music 0x2D r Latitude minute [min]
e 2B i st Prbecuns -t o OQE  Latiude 10000° sb  [1/10000 min]
0x2C riw  Sensor Type 0x2F r Latitude 10000" msb  [1/10000 min]
0xA0 Module address ooimnpenae 10— DSDX {Ox0A) 0x30 r Latitude direction [N/S]
0x22 r MPPT Temperature1  [°CJ 11 — CSDX (0x08) 0x31 r Longitude degree [deg]
0x23 r MPPT Tempertaure2  [°C] 0x32 r Longitude minute [min]
0x24 r Current MPPT 1 [1/700 A]| |0x80 Module address (25Hz) 0 n peward) 0x33 r Longitude 10000" Isb  [1/70000 min]
0x25 r Current MPPT 2 [1/100 A]] |0x22 r Voltage battIsb  [1/1000 V] 0x34 r Longitude 10000™ msb  [1/10000 min]
0x26 r Current MPPT 3 [1/7100 A]] |0x23 r Voltage batt msb ~ [1/1000 V] 0x35 r Longitude direction [E/W]
0x27 r  Voltage Isb (171000 V]| |0x24 r  Voltage beclsb  [1/1000 V] ™ Mox36 r  satellite fix 1=ok no fix=
0x28 r Voltage msb [1/1000 V]| |0x25 r Voltage bec_m [1/1000 V] 0x37 r Number of satellite i
0x29 r/w  Working Mode 0x26 r Current motor Isb  [1/1000 A} 0x38 r Altitude GPS Isb [1/10 m]
}?:fﬂ::@:;f:é’;gg’ 0x27 r Current motor msh [1/1000 A] 0x39 r Altitude GPS msb [1/10 m]
12 — reset mode (0x0C) 0x28 r Current servo Isb  [1/1000 A] Ox3A r Speed Isb [1/100 m/s]
0x2A r/w  Duty Cycle MPPT 1 0§ 10x29 r Current servo msh [1/1000 A] 0x3B r Speed msb [1/100 m/s]
0x2B rAw  Duty Cycle MPPT 2 [ 0x3C r Heading Isb [1/10000 rad = North]
0x2C r/w  Duty Cycle MPPT 3 i 0x3D r Heading msb  [1/10000 rad = North]
0x2D r/w  Current limitation  [1/100A] 0x3E r/w  New data ready 1=new data, old=0
|
No Mass to avoid current loop
0x20 Module address s in powaton)
Ste:;)lg\?wn LDO 5V 0x22 r RC Signal no signal = 0, signal =1
: 0x23 r Signal source Rc=0AP=1
0x24 r LED switch oFF=0 on=1
0)550 r RC receiver channels 1to8+2
—_—— Value is between 0-1024
Sky-Regler E | 0x39 channel 5 is RC/AP switch
100 kHz _I 0x40 r/w  Autopilot channels 1to8+2
Li-Po RC Receiver mﬁ@ Vv Value is between 0-1024
Battery 35 Mhz Bt 0x49




Autopilot power consumption

Table 5.2: Power consumption of the avionics subsystems

Device Voltage  Current Power Neonw Power
from 5.6V @ BEC

V] [mA]l W] 0 [mW]

Radio Modem (XStream) 5 80 400 89% 449
IMU (Xsens MTX) 5 70 360 89% 404
CSDX (Sensortechnics) 5 7 35 89% 39
Picl6F876-Autopilot 5 7 35 89% 39
Picl6F876-Energy Board 5 7 35 89% 39
MS5534 (Intersema) 3.3 1 33 92% 36
GPS (Nemerix NB1043) 3.3 20 66 92% 72
DsPic33-Autopilot SRS 27 99 92% 108
DsPic33-Servoboard 3.3 27 99 92% 108
Picl6LEFS77-Autopilot 3.3 5 17 92% 18
Total 1.179 1.313




Motor

MP

PT

Gearbox Moator controller

Energ

Board Autopilot Rladio modem Radio modem antenna

Battery Servoboard RC Receiver IMU

i
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110 inches
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Modeling & Simulation

¥ =AY = BU

Controller Implemented
Under Matlab

Real Control and
Navigation System

Commands
given to the
actuators

State variables
of the airplane

(&%

-+ Mathematical
Representation

Aerospace Blockset

X-Plane
W—~ . Flight Simulator

¢



Overall

Overall




Energy chain — ‘L’ﬂ

A succession of losses....

Tt | B =8

Solar Maximum Power Battery Motor Motor Gearbox Propeller
Panels Point Tracker Controller
17% 97% 95% 87% 95% 85%

1% |

=>» Important to & efficiencies




. Equilibrium of forces

2. Ratio between L and D is equal to CL/CD

=>» the same ratio occurs between thrust and weight
=» independent of v, it only requires Sv2 constant

3. Power for level flightis thus P =T-v=(mg-C,/C,) -V

required
4. A way to reduce the power is to lower the speed v

=>» in order to keep the lift (Sv2 constant), S needs to be increased

=» Solar airplanes generally have large wings and a low speed
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m-t-mm.

o K AR

Mass of
plane structure

Fixed masses

Mass of

Ik

| kcsﬂs nn:aps %
solar CBFN‘"

maxqoeﬂs nmppf %‘I

‘ no‘ischrykhan'
a;

Sular
cells area Tm‘gm

mppt

Mass of
battery

2E
Mass of/"“

| | Mechanical power
- :g: for levelled flight
—1»l 1
C, [2ARg® ‘—
3l T | | Netrir MimotMgrvoxMprop |
SANCH I
a,

[k | Mass of

a!,- pu!s:on group Electrical power
1 for levelled flight
e . R

- - P.,+P _.Qf
n ( 1 Tn:gm )_ - Naec ( M)
otal power @
zﬂwmnm_opd'kmargm Tdax Nenvg Natschrg ! max consupmp!ion
m = mctrl + mpayload + mstruct + msolar + mbatt + mmppt +Mm prop

m- aoal(a;+ag+ag(as+ae)) e = az(a7+ag(as+ae))+a3+a4bxl

The equation 3‘fthe total mass is

m-a,,

N &3

1m2 =a,+a, b"
%K_J

It canaf)e shown that it has a solution if:

3122 31335

31_1



30 Parameters

Table 1 Parameters that are constant or assumed constant

Table 2 Parameters determined by the mission

Parameter Value  Unit  Description
C; 0.8 - Airfoil lift coefficient
Cpa 0.013 - Aurfoil drag coetfficient
e 09 - Oswald’s efficiency factor
Lo 950 [W/m?] Maximum irradiance
Karr 190-3600 [J/kg] Energy density of battery
Keoiis 0.32 [kg/mz] Mass density of solar cells
Kencaps 0.22 [kg/mz] Mass density of encapsulation
Koppr 0.00047 [kg/W] Mass to power ratio of mppt
orop 0.013 [kg/W] Mass to power ratio of propulsion unit
Kstruct 0.44/9 81 [kg/m’] Structural mass constant
Mgjec 0.25 [ke] Mass of navigation & control system
Thec 0.7 - Efficiency of step-down converter
Peelis 0.169 - Efficiency of solar cells
Nehre 0.98 - Efficiency of battery charge
Nearir 0.95 - Efficiency of motor controller
Ndischrg 098 - Efficiency of battery discharge
Nerbox 0.95 - Efficiency ot gearbox
Mot 0.85 - Efficiency of motor
mppe 0.97 - Efficiency of mppt
Nprop 0.85 - Efficiency of propeller
P 1 [W] Power of navigation & control system
X; 3.1 - Structural mass area exponent
X5 -0.25 - Structural mass aspect ratio exponent

Parameter Value  Unit  Description
Fsotmargin 0.7 - Irradiance margin factor
Mpayioad 0.25 [ke] Payload mass
Pyayicad 0.5 [W] Payload power consumption
P 1.1655  [kg/m’] Air density (500 m)
T day 14-3600 [s] Day duration
Table 3 Variables linked to the airplane shape
Parameter Value  Unit  Description
AR 12.9 - Aspect ratio
b 32 [m] Wingspan
m 2.6 [ke] Total mass




Sky-Sailor weight distributions |

= ~
Part Dimensions Mass
] lg]
Motor Controller 52 x 25 x 10 20
Brushless motor (Strecker) 230 x 25 55.3
Gearbox 733 x 29 29.7
Solariane Propeller & mounting piece 600 34.05
Lipo-Akku 283 x 60 x 33 1056.00
MPPT + Shielding 42 x 425 x 9 25.86
Energy board (Incl. BEC & Shield) 6Hx 24 x 6 17.70
Autopilot sensor board 127 x 33 x 8 8.37
IMU 48 x 33 x 13.5 15.00
GPS & patch antenna, 25 x 22 x 8 10.96
Servoboard 42x 24 x 8 6.51
RC Receiver 47 x 19 x 10 9.80
RC Receciver Antenna 1000 1.30
Radio Modem & Antenna 75 x 40 x 11 26.48
On/Oft Switch 23 x 14 x 13 4.85
Wing part middle (complete) 980 x 250 x 25 302
Wing part left (complete) 1130 x 300 x 25 266
Wing part right (complete) 1130 x 300 x 25 270
3 Wing Screw M4 0.95
Fuselage with tail boom 1720 x 94 x 54 168.85
2 V-Tails 41.5 x 15.5 x 1.2 54
Cables To be def.
Total take-off mass(21.06.2008) 3240 x 1818 x 295 2444.00
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Applications




Potential Applications

high altitude communication platform
law enforcement

border surveillance
forest fire fighting
power line inspection
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What is the influence of battery technology on the
maximal flying altitude ?
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Table 6.1: Parameters changes at the MAV size

Parameter Value Unit Description

Cr, 0.5 - Airfoil lift coefficient

Cpari 0.05 = Airfoil drag coefficient

e 0.6 - Oswald’s efficiency factor

kag 5.58/9.81 [kg/m®]  Structural mass constant
My 0.005 [kg] Mass of autopilot system
Ngrb 0.81 - Efficiency of gearbox

Nmot 0.62 - Efficiency of motor

Tt 0.80 - Efficiency of propeller

15t 0.1 [W] Power of autopilot system

2 3.18 - Airframe mass area exponent
29 -0.88 - Airframe mass aspect ratio exponent
Mpid 0.01 [kg] Payload mass

Poia 0.00 (W] Payload power consumption

1
Aspect Ratio
2
4

0.9 -

=
o5}

e
llq.l

=
)}

2
o

e
.

Total Mass of Solar Airplane [Kg]
o
(%]

o
[pS]

=
-

o
o

Wingspan [m]




Speed [m/s]

Power at Propeller [W]

e o
%] £

e
o

Wing Area [m2]

o
-

-
w

-
=]

w

1
Wingspan [m]

0.2

0.2 0.4 0.6

0.8 1
Wingspan [m]

Wingspan [m]
0.7 I | : L I | \
I Payload 10.010"
I Avionics 10.005: ‘ :
0.6 -Airframe :0036 .............. -
[ Batteries 10.000:
[ ] Solar panels l0.012;
05rF l:l Mppt : 0.002 ............................... -
[ 1Propulsion group| }0.015:
: : : 10.080
o 0.4
=
w
w
4]
= 03

12 14 1.6 1.8

Figure 6.4: Mass distribution for AR = 10

Aspect Ratio
2
— 4
6
8
9

e 11
— 12
— 13
4
16

18

20




Table 6.2: Parameters changes at the manned airplane size

Parameter Value Unit Description

'y 1 - Airfoil lift coefficient

Kprop 0.00121 [kg/W] Mass to power ratio of prop. group
kaof 0.44/9.81/15[kg/m?®] Structural mass constant
Mgy 20 [kg) Mass of autopilot system

Nse 0.19 - Efficiency of solar cells

Netrl 0.98 - Efficiency of motor controller
Nmeot 0.88 - Efficiency of motor

Mplr 0.87 - Efficiency of propeller

P,, 100 W] Power of autopilot system
Mpta 120 [kg] Payload mass

Poiq 0 (W] Payload power consumption
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Payload: 300 Kg
Altitude: 21’000 m

Mission time: 3 months in summer
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HALE Platform ¥
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Figure 6.12: Mass distribution for AR = 22



HALE Platform
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Mars design | o ‘L’g
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Parameter Value Unit Description
J 589 [W/m?] Maximum Irradiance
kbat 1000-3600 [J/kg] Energy density of energy storage
kg 0.44/9.81/2 [kg/m?®] Structural mass constant
Mg 0.15 (k9] Mass of autopilot system
Mpld 0.5 [kg] Payload mass
Nwthr 1 - Irradiance margin factor
Ppid 0.5 (W Payload power consumption
p 0.015 [kg/m?]  Air density (500 m)
16 ,
Aspect Ratio;
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Mars design
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Figure 6.13: Continuous flight simulation on the 21°" of June
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Thermal and Glider Trajectory (green) and thermal intensity [més] altitude of SkySailor during flight
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Objective:
=>» reduce the scale and cost
=>» develop low-cost solar MAVs with payload capacity of ~40 gr

Sun-Surfer |
Wingspan: 0.77 meters
Weight: 115¢
P level flight: 1 W
P solar : 3W

Sun-Surfer Il
Wingspan: 0.78 meters
Weight: 190 g
P level flight.: 2.4 W
P solar : 8W
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Airframe model | *) L”

Samples W, = f(S,AR) Was = f(b,AR)  W.;/S = f(Was, AR)

415 5.58 S157 ARYTE 558 b7 1% ARTUSY 2,94 WIPT ARV
260 2.31 1% AR 231 0°10 ARTO0Y 1,70 WPT AR
143 115 S157 AR 115 b3 ARTOM 1.09 WUP6 AROT
73 0.78 S15% ARM21 0.78 b* 1Y AR 0.85 W AR
40 0.56 S5 ARY2T 056 b*10 ART0-2% (.69 W25 ARY-S2
19 0.44 S15% AR'3Y0.44 0710 AR5 0.59 W% AR

Weight as a function of YWing Area and AR for Sailplanes
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