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Solar Cells on Roof's
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Primary Energy Collection ol
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Solar Energy Collection e

AROQUND THE WORLD
e WITH A SOLAR AIRPLANE

Theoretical Limit of SC efficiency:
~28 %, monocristaline Silizium
~29 % Gallium Arsenid

Energy (W)
Collected

~20% for high tech
application

~14 % for ground based
systems (e.g.solar roof)

Solar Cell Cost

Energy collected is proportional
to solar cell area!

Solar Cell Area (m?)
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Available Solar Power

Solar constant 1300W/m?2 extraterrestrial
At flight altitudes approx. 1000W/m? noon peak

AROUND THE WORLD
WITH A SOLAR AIRPLANE
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Solar Power Collection

Energy Storage Required:

Potential Energy,Battery

Average Solar Power ~260 W/m?2
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Wing Loading and Power Loading
For Horizontal Flight

e WITH A SOLAR AIRPLANE
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

Power Train Schematic

And Typical Losses/Efficiencies

Solar Cells, 20%
Converter 98,5%

Electric Lines 99,5%

Motor 93%

Batteries 96.5% Propeller 77%

Other consumers

From solar energy to propeller = 89% losses!!

MPPT= Maximum Power Point Tracker
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Design Space
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First Unmanned Solar Powered AC
Ray Bouchers ,Sunrisel”, 1974
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AROUND THE WORLD
TH A SOLAR AIRPLANE

Gossamer Condor by P. McReady

MNASA Dryden Flight Research Center Photo Collection
http:/fwww.dfrc.nasa.gov/gallery/photofindex_htmi
NASA Photo: ECN-13413  Date: July 25, 1979  Photo by: Bob Rhine e
Hannes Ross, |B|: Solar-powered Gossamer Penguin in flight 15
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Unmanned Helios

Solar Aircraft History
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Unmanned Solar Aircraft

AROUND THE WORLD
WITH & SOLAR AIRPLANE

NASA's Environmental Research Aircraft
and Sensor Technology (ERAST) Program
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First 48 hour flight of an UAV, 2005

/
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

LZEPHYR - SOLAR POWERED PLANE

Carbon fibre frame —
Solar panels Rechargeable
batteries

26 August 2008
The ZEPHYR(~30kg) flew for 82 hours 37 minutes,

beating the current official world record for unmanned
flight, set by Global Hawk in 2001 at
30 hours 24 minutes.
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Relative Massbreakdown

e g
= AROUND THE WORLD

Related to Maximum TOGW L WITH A SOLAR AIRPLANE
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. .
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40% O Structure
0% Solar Powered AC
need a
0, .
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Passenger  Military Jet Solar propulsion system
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Technological Challenges PP

. . . WITH A SOLAR AIRPLANE
For manned ac with flight time >24 hr’s

Propulsion

* high specific power solar array >20%

* high specific energy batteries > 200 Wh/kg

* high efficiency electric motors

* high efficiency propeller

 thermal control systems for batteries, engines

eStructures

* lightweight composite structures
e acceptable aero-elastic characteristics

Systems with Low Power Consumption

« FCS, ECS, Communication, Navigation,

Hannes Ross, IBR www.solarimpulse.com 22
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Solar Cell Efficiency "
A = WITH A SOLAR AlR!ﬁEANE
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thhlum-|0n Battery Development * AROUND THE WORLD

e WITH A SOLAR AIRPLANE

Us$ / Wh

Energy Density
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Source: www.battery university.com
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Electrical System Schematic =~ .« "~

Tl AROUND THE WORLD
s WITH A SOLAR AIRPLANE

ee \pp7| |vppr| FPOWEr Bus, 270V

+ - + - - +

Ground Connector

+ —— ~
—— Temperatur

I Or—

Management System Prop.Lage

Batter
T y

SI\;I)I?JIr ?ell DC/DC Inverter
odules 28V system

Hannes Ross, IBR www.solarimpulse.com 25
EWADE, Mai 2009, Sevilla



Solar Power Generator
Typical Data

AROUND THE WORLD
WITH A SOLAR AIRPLANE

Solar cell

Size: 125mm x 125 mm = ~ 60 cells/m?2!
for a solar area of 200m2 --> ~12 000 cells !

Voltage: output varies with cell temperature and load ~0,6 V

Mass: 0,480 kg/m2-> 96 kg /200m?

Structural Flexibility: adaptto wing
deformation,
no load pick-up

'||If pre=T iy Il

Solar Cell Arrangement 60 Module cordwise , 320 Cell/String = spanwise

Maximum Powerpoint Tracker (MPPT= electronic control unit):
1 MPPT can control up to 4 modules > ~36 MPPT's for 200m?

Hannes Ross, IBR www.solarimpulse.com 26
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Battery Characteristics
Typical Data

" AROUND THE WORLD
WITH A SOLAR AIRPLANE

Battery pack for
Antares Sailplane

Hannes Ross, IBR www.solarimpulse.com 27
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

—

Y Motor for Antares Sailplane 42 KW,

| I Propeller diameter 2m

Hannes Ross, IBR www.solarimpulse.com 28
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Structural Design

AROUND THE WORLD
WITH & SOLAR AIRPLANE

« Specific wing mass ~ 2kg/m?
« No statistical data available!!
e Ground handling is a tricky

Primary materials:

e Carbon Fibre Composites,
 Foam,

» (Transparent) plastic skin/foil
Structural concepts

e Tubular- / Box - Spar

e Sandwich

o Grid structure

Dryden Flight Researc h Center ECO96-43765-8 Photographed November 1996
LIGHT AS A FEATHER--Technicians easily lift a 20-foot wing section during
assembly of the Pathfinder sclar- powered aircraft. NASA photo by Dennis Taylor
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Helios, normal wing bending at 1g

AROUND THE WORLD
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Helios Accident

AROUND THE WORLD
WITH & SOLAR AIRPLANE

High Aspect Ratio and
low wing loading result in
high wing span->elastic
structure
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e WITH A SOLAR AIRPLANE

18.08.1932: Der schweizerische Physiker Auguste Piccard (1884-1962) erreicht mit
seinem Ballon »FNRS« eine Hohe von 16.940 m

und dringt damit in die Stratosphare vor. Piccard und der Physiker M. Cosyns sitzen
dabei in einer kugelférmigen Druckkabine. Die Forscher fiihren Strahlungsmessungen
durch und beweisen die Ungefahrlichkeit des Aufenthaltes in groReren H6hen fur
Menschen in Druckkabinen - eine wichtige Erkenntnis fir den Luftverkehr.
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¥ITH A SOLAR AIRFPLANE

Am 23. Januar 1960 tauchte der Amerikaner mit dem Schweizer Jacques Piccard in die "Challenger-
Tiefe", knapp 400 Kilometer stidwestlich der Pazifik-Insel Guam. Mit knapp 11.000 Metern ist sie einer
der Kandidaten fur den tiefsten Punkt der Erde. Das Fahrzeug, ein Bathyscaph namens "Trieste", hatte

Piccard gemeinsam mit seinem Vater Auguste im Jahre 1953 entwickelt und 1959 an die US-Navy

verkauft. Als die Navy ein Jahr spater zum Tiefen-Rekord ausholte, tbertrug sie Don Walsh das
Kommando.

Hannes Ross, IBR |
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FIRST NON<STOP FLIGHT AROUND TE—HE WORLD
' March 1999
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Bertrand Piccard decided to launch into a new futuristic enterprise:
to fly round the world in a solar-powered aeroplane

Hannes Ross, IBR www.solarimpulse.com 35
EWADE, Mai 2009, Sevilla



Solar Impulse Program .

Initiated 2001 by — WITH A SOLAR AIRPLANE
Bertrand Piccard and
André Borschberg

Objective:

Develop a manned solar powered
aircraft

which can fly around the world
with solarpower only

Feasibility Study 2002-2003

Approach:

Develop a ,Demonstrator” aircraft
to show a 24hr energy neutral day
and night

Cycle > HB-SIA

Develop the ,,Record” aircraft,
capable of

crossing Atlantic, Pacificin 4to 5
day's and

fly around the world in 5to 6 legs solarimpulse.com 36




. . . . __'.-f"."&
Mission Profile = e,
t... S, Lo N T Max.cruise.altitude
Altitude
4
.......... L Min nightlaltitude _ \__5
0 24
1. Fly at minimum night altitude
2. Climb
3. Cruise at at max altitude,if power is available
4. Descent at available power
5. Fly at minimum night altitude
Hannes Ross, IBR, www.solarimpulse.com 37
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Relative Flight Power Required and t»ﬁ,"”f
Solarpower generated=f(Altitude) o by
1,9
1,8 /’

1,7 ——— Power Required

$ —— Solar Power Available /

g 1,6 /

L5

> '

= 1,4

g

)

N 1,3
1,2

Flying at low altitude

11 requires less energy
1 | |
0 2 4 6 8 10 12
Altitude (km)
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Typical Configuration

_{a-f AROQUND THE WORLD
e WITH A SOLAR AIRPLANE

Conventional configuration

Main weight in wing (partially span loaded aircraft)
Ultra low wing loading (~ 8 kg/m?)

Design optimized for : low power loading, high
aerodynamic and propulsion efficiencies

e Carbon epoxy HM & HT ultra light primary structures

Hannes Ross, IBR |
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Design/Scaling Program .« guepewss

Requirements

v

; Assumptions
Design ‘L
Experience
Creativity Baseline aircraft

Design data

v

Perfjl:ance Iteration

Require &
ments ©
met?

e
=

Yes

e _-‘-.--' H
2
2
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Mission Parameter (1) €%

i
[ AROUND THE WORLD
] WITH A SOLAR AIRPLANE

—Alt*5 [km] 7\ Altitude

=== SOLP [KW]
——PBAT [Kw] Solarpower

e PTOT [KW]

A\

16

Power require

Daytime
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Mission Parameter (2) /)@(
WITH A SOLAR AIRPLANE

— Alt¥10 [km]
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Design Space

AROUND THE WORLD
WITH & SOLAR AIRPLANE

W/S=10kg/m?

o Design Solutlons

\ Optimum design: Correct
\ * wing size= Solar power, energy
§ « wing shape: Span/AR

\ * battery size, battery mass

b
o
&

\\\\\\\\\EEQQ\\\\\\\?%\\W LTJ‘E\‘/E:EZIE:](::::: |I:: i:nn;y
x\\‘ @ :A';’Z/tfgr?/ncapacitylweight

1200 e

100 150 200 250 300
Wing Area

Weight (kg),
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Optimum Design Solutions <
2,5

-t AR (relative)
—==Span (Relative)
== \\/eight (Relative)

N

Weight, Span, AR
H
ol

1
0,5 | | | |
0,6 0,8 1 1,2 1,4
Wing Area
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. . . Tt
Take-off Weight and Wingloading 7%
e
2000
¢ Man-Powered
® Solar Powered, Manned
(@) A Solar Powered, Unmanned @
_\C_ 1500 ® Battery Powered, Manned ‘W
E A Sailplane, Manned
2
g 1000 20 [ 20/ 15/ 10 8 6
- A WIS=4kg/m?
@) Helios
)
= 500
- 2
0 | | |
100 150 200 250
Wing Area, m?
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AROUND THE WORLD
WITH & SOLAR AIRPLANE

S| Prototype Aircraft HB-SIA

© Solar Impulse/EPFL Claudio Leonardi
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

© Solar Impulse/EPFL Claudio Leonardi
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= AROQUND THE WORLD
e WITH A SOLAR AIRPLANE

Test Fixture for 10m Wingbox -

Ly —t

Source. SOLAR IMPULSE
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57 AROUND THE WORLD
_ WITH A SOLAR AIRPLANE

Example: Horizontal Stabilizer

Test article of 2.6m*1.7m

1015

k=)

255

1700

Source. SOLAR IMPULSE
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

Example: Horizontal Stabilize

Test article of 2.6m*1.7m

Source. SOLARiIMPULSE
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AROUND THE WORLD
WITH & SOLAR AIRPLANE

Cockpit Structure:

CFC sandwich
and foam shell

© Solar Impulse/Stéphane Gros

Hannes Ross, IBR www.solarimpulse.com ol
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

Inzide the gondola @ SIfStéphane Gros

Hannes Ross, IBR www.solarimpulse.com 52
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Gongola Structure and Engine

“ " AROUND THE WORLD

~a WITH A SOLAR AIRPLANE

/ =4 _ © Solar Impulse/Stéphane Gros
A e oG b B | |
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

Wi

Gondola without the propeller @ SIfStéphane Gros

Hannes Ross, IBR www.solarimpulse.com o4
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

GFondola test @ SIfStéphane Gros

Hannes Ross, IBR www.solarimpulse.com S
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© Solar Impulse/Stéphane Gros & — . © Solar Impulse/Stéphane Gros ‘ ﬂ
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AROUND THE WORLD
WITH & SOLAR AIRPLANE

Tail boorm @ SI/Stéphane Gros

Hannes Ross, IBR www.solarimpulse.com S7
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ff AROQUND THE WORLD
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Wings parts delivery 1

@ Solar Impulse/Stéphane Gros
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AROUND THE WORLD

WITH A SOLAR AIRPLANE
The 3 parts of the wing aszembled
@ Solar Immpulse/Stéphane Gros
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57 AROUND THE WORLD
_ WITH A SOLAR AIRPLANE

Vibration

@ Solar Immpulse/Stéphane Gros
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Plame skeleton assermbled for vibration tests

@ Solar Impulsef/Stéphane Gros
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

Wibration tests

S Solar Immpulse/Stéphane Gros
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Plane skeleton assermbled for vibration tests

@ Salar ImpulzefStéphane Gros

Hannes Ross, IBR www.solarimpulse.com 63
EWADE, Mai 2009, Sevilla



<57 AROUND THE WORLD
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phoko gallery

Plane skeleton assembled for vibration tests

@ Solar Immpulsefstéphane Gros
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AROQUND THE WORLD
WITH A SOLAR AIRPLANE

Cockpit

e — e T — - S -
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AROUND THE WORLD
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AROUND THE WORLD
WITH A SOLAR AIRPLANE
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Loading tests

@ Solar Irmpulzef/Stéphane Gros
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Men at work on photovoltaic cells @ SI/Stéphane Gros
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Where shall we fly? (21 June) //T@(
NITH A SOLAR AIRPLANE

1,05

=1

0,85

Relative acumulated energy, Dubai

0,80
0 20 40 60 80 100
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

© Solar Impulse/EPFL Claudio Leonardi
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Solar Impulse, Cockpit Mock-up,
Record Aircraft |

WITH & SOLAR AIRPLANE

© Solar Impulse
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AROUND THE WORLD
WITH A SOLAR AIRPLANE

2 TONS
x r __r_ ——
&
solar impulse
560 TONS
——__
" airbus 380
! 80 METERS |
© Solar Impulse
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It is a long term project:

2003
2003
2004-2006
2007-2009

2009, June
2010
2009-2011
2012

Hannes Ross, IBR |
EWADE, Mai 2009, Sevilla

Feasibility study at the EPFL de Lausanne in
Announcement of challenge on 28 November
Concept Development

Design and manufacturing of a prototype,
Unveiling of Prototype, initial test flights

36 hour record flight

Design and Construction of the final airplane
Missions of several days, crossing of the Atlantic
and tentative tour of the world completing in five
stages
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The development of a manned solar powered aircraft
capable of staying aloft for more than 24 hours
Is still a big challenge: It requires

an aircraft with very large physical dimensions, (area and wing span)
Ultra light structural design with high stiffness

Solar cells with very high efficiency (> 20%)

Batteries with very high specific energy capacity (>200 Wh/kg)

Very light and efficient electrical engine

Minimum equipment mass and electrical consumption
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