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Abstract : New applications of embedded systems are envisioned in the context of
aeronautics. However, the increasing burden of on-board cabling requires wireless
solutions. Moreover, concerns such as safety or system lifetime often preclude the
use of electrochemical energy storage. Ambient energy capture, storage and
management are therefore key topics. In this paper we illustrate these concepts by
describing three actual implementations in an Airbus aircraft. The first application
is energy harvesting for wireless in flight-testing. The main objectives are
autonomous, battery-free power supply of a wireless system including pressure
sensing glove, signal processing and RF communication. The system should be
able to start-up with initial empty storage. The second application is dedicated to
the autonomous power supply for aeronautical health monitoring sensors in the
engine harsh environment of an Airbus A380 using thermogeneration as energy
source. The third and last example is a more prospective study on the potentialities
of aeroacoustic energy harvesting that was successfully validated in a wind tunnel.
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Introduction
Wireless sensor history
The energy roadblock

Aeronautic context & applications

Energy Harvesting for Wireless in Flight Testing
Photovoltaic energy harvesting

Energy Harvesting for Aircraft Health Monitoring
Thermal gradient energy harvesting
Aeroacoustic energy harvesting

= Conclusion and perspectives
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= Wireless sensors are not so new...
= 1968-1973: Vietnam war — Operation Igloo White

BATTERY MODULE

ENVIRONMENTAL
SIGNAL PROCESSOR

ENCODER
— CODE PLUG
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DECODERJ

AUDIO AMPLIFIER

MIKE || ASSEMBLY

Cost: $1-51.7 billion (design & fabrication) + $1 billion/year (operation over 5 years)!
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= Smart Dust: DARPA-funded research proposal of the
University of California, Berkeley, in 1998.

= Objective: build wireless sensor nodes with a
volume of one cubic millimeter.

= Results: Autonomous 16mm? solar-powered mote,
and larger "COTS Dust" devices kicked off the
TinyOS effort at Berkeley.

©The University of Berkeley
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= Energy generation and storage devices are generally bulky

= Batteries have a limited lifetime
Prohibitive maintenance cost

© Univ. Of Waterloo

Environmental issue

= Batteries can have safety issues

Application dependent

P~
© Texas Instruments

MAIN CHALLENGES:
Smart energy management - ‘
Low-power communication ?5 s
Increasing energy density w by )
Efficient energy harvesting
Green storage
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Aeronautic Context & Applications
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Towards Wireless

| Thousands of sensing points l

| Several hundreds km of wiring |

| Increasing complexity |

Vibration | - Fatigue

A A
" |
waves i
“'.
i Landing
sear ) Am—
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Towards Wireless

Wireless = reduction of complexity,
weight,
& cost
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Electrical Wiring

© EVOX/IMAGES © Eurofighter-Bryan Walsh
Mini Cooper Coupé Eurofighter Typhoon Airbus A380
3.73m) (15.9 m) (72.7m)
‘l’ ‘1’ ‘1’ total cable length
115 10 100 500 (km)

| | | (+300 for flight tests)
T

0‘.4 6‘.2 6‘. 8 total cable length

per unit length (km/m)

... wireless also involves autonomy in energy

... but what if the energy generation alternative must not weight more
than the suppressed power cable?

December 8, 2015 WiSe Design 2015 10
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Flight tests

December 8, 2015 WiSe Design 2015 ©Param0unt 11

Flight Tests

» 800 sensors for A380 wireless is of
+ 300 km of additional wiring great interest

Pressure sensers are implemented on: so are the energy generation modules
* wings « curvy profiles -
« flaps « aerodynamic constraints
« top of fuselage * low temperatures
* horizontal tail plane... ...but flight tests are carried out duri

© AIRBUS MILITARY 2009 _ A400M First Flight - Photo by A.Doumenjou / Exm Company
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Aircraft Health Monitoring (AHM)

Upper skin:
Compression/stability Bending and

Longitudinal stress Torsion

: : Lower skin:
Static/residual strength Tension/crack growth
Crack growth
| Shear \
I %

stress

Impact

o—— Bending

Hoop stress and longi-

tudinal stress \

Impact

Shear stress due to trans-

verse shear and torsion

o
L
Impact /ﬁ‘ .

Compression due to bending,
stability, static strength,
corrosion resistance

Hoop

stress Impact High local

loads

© Holger Speckmann, Airbus Germany, IWSHM 2007

Installation in a non pressurized and non controlled temperature zone
Night and day operation

Predictive maintenance — major challenge

Embedded fitment (no more test rig) => energy generation mature method
DO-160G compliant

December 8, 2015 WiSe Design 2015 13
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D0O-160G Test Standard

Environmental Conditions and Test Procedures for Airborne Equipment

Temperature and pressure

Power Input

conditions Voltage Spike

Temperature variation Audio Frequency Conducted
Humidity Susceptibility

Operational Shocks and Crash Induced Signal Susceptibility
Safety Radio Frequency

Vibration Susceptibility (Radiated and
Explosive Atmosphere Conducted)

Waterproofness Emission of Radio Frequency
Fluids Susceptibility Energy

Sand and Dust
Fungus Resistance

Lightning Induced Transient
Susceptibility
Lightning Direct Effects

Salt Fog Icing
Magnetic Effect Electrostatic Discharge (ESD)
Fire, Flammability
December 8, 2015 WiSe Design 2015 14
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Energy Management Decision Tree

NO Battery-free?
NO Autonomy YES
extension?

(d)

@ | o) (©)
. e G

Energy Energy
harvesting harvesting
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energy storage is still needed to accommodate for

Supercapacitors

Pros and Cons

* intermittent energy capture
* power surges from the load

1000
9 Fuel coll
< 100 Conventional
=3 batteries 1 hour 1 second
> 10
2 10 hours | ‘
Q 1 o
©
3 0.03 second
E 01 | ¢ ional
o] al
0 N
0.01
10 100 1000 10000
Power density (W/kQ)
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Supercapacitors
Pros and Cons

energy storage is still needed to accommodate for

* intermittent energy capture
* power surges from the load

Maturing technologies
High power density
Safe

High lifetime
Environment friendly

© Maxwell

Storage must withstand the same environment as the system
Performances affected by extreme (hot and cold) temperatures,
some effects are non-reversible

Self-discharge

Low energy density

Low breakdown voltage

Voltage is charge dependant

December 8, 2015 WiSe Design 2015 17
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Energy Harvesting in Aeronautics

= Various types of energy source...

Solar irradiation

Thermal gradients |

= ... but limited

= Energy storage generally required

December 8, 2015 WiSe Design 2015 18
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Energy Harvesting Power Generation & Utilization

Average Power

Harvesters Consumers
Cell phone
Zigbee mesh network node
. —_ (W%RX from wireless sensor)
1 cm? a-Si PV

*—— AAALED flash light
e— Chipcon CC2500 radio (Tx mode)

in sun lit airplane pax window

1 in? TEG on crease beam ———e
*— Wireless dimming window
TEG stringer clip ———e

6 mm? TEG on hydraulic line
Large inductive vibe harvesters

Push button harvester
1 cm? a-Si PV in blue sky

1 cm? a-Si PV in cabin lighting.

¢ TI MSP430 microprocessor (awake)

*—— Wireless sensor @ 1 Hz
Push button transmitter

GSE monitoring sensor
(log data every 10sec, Tx 2X per day)

Small piezo beam vibe harvesters

i Chipcon CC2500 radio (asleep)
TI MSP430 microprocessor (asleep)

hd Sensor @ 2.8 hrs interval

@J?ﬂf/ﬂﬂ"
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Aircraft Health Monitoring

asis Example of a wired commercial system

I'Early detection of cra’s using ac

tgthese emissio
) f the damage€
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Aircraft Health Monitoring

as/s™ Example of a wired commercial system

II_SrEt-h‘:l13365ft3 in =) - T"Pissl:
Wingspan: 130 ft 10 in W Ditorage Unitectl ‘th esé em -
tionjof the damagd

AN

/Rémete Data
//Concentrator
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Some Wireless Sensor Implementations

:ZT energy * Cold side: -30°C
arvesters . Hot side: +20°c

Harvested energy
osted energy 30mW @ 160 Ohms

[e | & ]

Cabin Floor

S EN S IN G SYS TEM S nsutation Blanket
S.W. Arms et al., “Energy Harvesting Wireless Sensors @E”EI”EQ

for Helicopter Damage Tracking”, American Helicopter

Microstrain wireless sensor node on Thermoelectric stringer clip generates
Bell 412 helicopter pitch link: several mW from AT across insulation
strain & load sensing blanket in flight:

% LORD MicroStrain’ : N | el pemmee

Society 62" Annual Forum, Phoenix, AZ, May 2006. https://mentor.ieee.orq/802.15/dcn/09/15-09-0074-00-004f-

energy-harvesting-sensor-systems.ppt
December 8, 2015 WiSe Design 2015
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Energy Harvesting for Wireless in
Flight Testing

Photovoltaic energy harvesting

December 8, 2015 WiSe Design 2015 23

Objectives and requirements

= Autonomous, battery-free power supply of a wireless
system including pressure sensing glove, signal processing
and RF communication

= Autonomous start-up with initial empty storage

= Average electrical power of at least 2W under 48V
= Few millimeters in thickness and flexible
= Operation at low light (cloudy weather)
= Operation between -50°C and 85°C,
= Reduced pressure down to 200hPa
= Daylight tests

@) AIRBUS

- PhotoVoltaic Energy Harvester and
ultracapacitor-based storage

December 8, 2015 WiSe Design 2015 24
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Charge and discharge at low temperature

30+

25 | —25C
1, .. 0°C
:Il_‘ - - -20°C 254
204 .
3 \e -40°C
i) —----50°C \\
. I 2,04 \.
S 154 ' s N,
o v o
g ,/ SC Atype g 154 SC B type
> ) 2
{
054 H 1,04
i
0,0 H 05+ S
T T T T v T T y T T T T T T
6 8 10 12 14 16 18 20 0 500 1000 1500 2000 2500
Time (s) Time (s)

Charge (300 mA) and discharge (55 mA) at constant current and at

various temperatures:

- Ultracapacitor A: non-linear behaviour, even at room T°, and very
poor performance at negative T°

- Ultracapacitor B: perfect behavior even at negative T°

December 8, 2015 WiSe Design 2015 25

Architecture of the PV Energy Harvester

= Under Voltage Lock-Out (UVLO) function to avoid false start-up
and unexpected power consumption

= MPPT achieved by DC/DC buck converter with fractional Voc
algorithm optimized at low irradiance

r--—F-—""H7T— - ! power >

] - :

" 1| svipo Microcontroller | measure

s ) | Resutator 2> Power management ! command
! I
! I

TN
! Vij|‘|w duty 1 v Enable I
cycle ue |
0 1

2D '
: > [ B>
E T DC/DC

Buck 5V 48V
Converter Boost Boost

Ultracapacitors
Storage 0-4.4v

Load : Sensors, Signal
Treatment, RF transmitter

i
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Architecture of the PV Energy Harvester

Microcontroller —

Schottky Diode |
5V Regulator 48_Y Regulator
5|1
| B
~| & 10F 22V

il Mimrwrett
A PCIOHT
10F 22V

Ame

Total storage: 10F (4 UCs mounted in 2S2P)

50Wp thin film monocristalline Si PV panel,
11% efficiency at 58 W/m?
17% for Standard Test Conditions

P. Durand Estébe, Energy Harvesting for Wireless in Flight Testing on A321 Aircraft,
More Electrical Aircraft (MEA2015), Toulouse (France), 3-5 February 2015.
WiSe Design 2015
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Pressure
EEEEEEA

SHEHfmnn
|

05:45 06:00

@) AIRBUS

Sensing interruptions due to
- shadowing or unsufficient
energy storage

December 8, 2015
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Energy Harvesting for Aircraft Health
Monitoring

Thermal gradient energy harvesting

December 8, 2015

WiSe Design 2015
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Instrumentation of the Aft Pylon Fairing (APF) for
over-temperature and/or crack detection

Structure
Aft Pylon Fairing

Very harsh environment in terms of temperatures,
pressure, vibrations, fluids and lightning

December 8, 2015 WiSe Design 2015
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Thermal Gradient Energy Harvesting

\ heat sink

foil / thermal paste

8% 25 008
7% | @ Eficiency ca/1W/cm? ootk
o | * Power 120 sosl
> 005+
o %% 15 -
Q = = o04f
S T 2 T
k= 2 € oosf
& oax | 08 |2
002
r 15 001F
1% r
ok
0% hd ‘ ‘ ‘ ! 0 00 L L L L L L )
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Hot Side Temperature, 'C Voltage (V)
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Energy autonomous AHM system

Crack wire sensors

Crack location #1

Main Crack
wire #1

o

Data logger #3 AGI

Crack wire #1

US Patent n

December 8, 2015

°005969260

@) AIRBUS

—_— Power
<X Thermocouples

= Data

Thermocouples

S5 S

CNRS-LAAS Energy harvester )

Energy Module TEG #1
Accumulator

Data
Concentrator
28V DC

WiSe Design 2015
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Energy Harvester of the AHM system

= |mpedance matching Output regulation 5V
P\ = Maximum Power Point = 2.5V activation threshold for sufficient
/ \ (@0.32V) for AT worst case stored energy to avoid UVLO (under
/ = Storage charged via a boost voltage lock out)
TEG regulator (Vmax=4.6V) = 1V desactivation threshold
Management Output Regulator

Storage

PRI
it
]

e

EMI Protection

oo

2
ecres

¥

December 8, 2015

Output Enable

— OUT
Overcurrent and
Overvoltage
Protection

Protections

= Qvercurrent (1.5A) and
overvoltage (5.8V)
= Lightning protection (EMI filter)

WiSe Design 2015
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Energy Harvester of the AHM system

Energy DC/DC
pre-conditioning converter

S

8 .
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g k)
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STORAGE (1.65F)
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= EMC
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22m  Behavior Under Typical Mission Profiles

Evolution of supercapacitor and regulated output voltages
Worst case mission under standard and medium hot day conditions

Regulated output voltage

profile at 5V power supply

+ 300mW peak o y SD

* 15mW average L~
[ ——Tension des supercondensateurs, Thot = 260°C
2 / ——Tension des supercondensateurs, Thot = 170°C

[ Tension de sortie, Thot = 260°C

Standard (SD) and 1 Tension de sote, Thot= 170°C

Voltage (V)
w

. L L s L . n n L ,
medium hot (MHD) days ° 200 400 600 000 1200 100 600 180
ime (<
550
s output voltage
a5 W_
B
g +—Tension des supercondensateurs, Thot = 260°C MHD SD
8 700
S5l —— Tension des supercondensateurs, Thot = 170°C
) Stored power (mW) S Tension de sortie, Thot = 260°C
P I a3k Tension de sortie, Thot = 170°C
P
%m.wm”w«‘(#wwm 25 . . . . . ,
2 200 400 600 800 1000 1200
15 Time (s)

Wi
M,... 80 T T
Current supplied to load B

——Puissance récupérée, That = 170°C
——Puissance récupérée, That = 260°C

@
=]

2 25
Storage voltage (V)

Current (mA)
IS
=)
L

)
=]
!

o

500 . 1000
§ X Time (s)
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@ AHM System Integration

« M s

Towards data concentrator

AIRBUS Toward
@ Energy Harvester owardssensors Data I°gger power SUPP|Y:

No reset when switching
from 28V power supply to
TEG harvester one

Data logger supplied by harvester

* Vieguted
NP D7 A
. A \\

|
/ | rommerpte |\

. / Ml'llnI

..... P! R R T R R —|
/l

7 Data logger switches on 28V supply
o

N
o w0 a0 0 0 1000 1200 1400
-\ Time (s)

Flight tests on A380
starting in January 2016
for 4 months

Data logger

28V Power supply +
Voltage/current monitoring
\’ i

|-y
=

Y 4
N Heating plate
\ Energy harvester —

R$422 link to laptop
ot N
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Energy Harvesting for Aircraft Health

Monitoring

Aeroacoustic energy harvesting

December 8, 2015

ONERA

INSTITUT DE MECANIQUE
DES FLUIDES DE TOULOUSE
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Aeroacoustic Noise

= Rossiter model for frequency peaks

_% n-a
LM+l
K

n

U, : free airflow speed

L & D: cavity length & depth, respectively

Ma : number of Mach

n : considered Rossiter mode

a,k: semi-empirical parameters depending on L/D

160

T :

—Mo0,4
—MO0,5|
—Mo0,6

@
=}

L)
2
e

Amplitude (dB SPL)
225 8
o o o o

©
=}

8OO 2000 4000 6000 8000 10000 12000
Frequency (Hz)
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&
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Open-circuit voltage vs. time at Mach 0.4
|

NN
|

b
i
||
i
I
||

|
UUVIVV'

0524 0525 0526 0527 0528 0529 053
time (s)

RMS power vs. load resistance at different Mach levels

December 8, 2015 WiSe Design 2015 41

storage WSN
AC/DC DC/DC + regulation, N
converter converter protections, \i/

-> Power gain X4
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-——=
I storage WSN
1 AC/DC DC/DC + regulation, ~
: converter converter protections, \i/
| I—
Buck-Boost in discontinuous conduction mode: provide
impedance matching whatever load conditions
(o, J_ O
Vin T L lvout
0=0"% =
2Lfs
Input impedance: Z;, = ——
p p in 52 1
December 8, 2015 WiSe Design 2015
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Aeroacoustic Energy Harvester

storage WSN
+ regulation, ~
protections, \i/
Supercapacitors : 2x 0.5F in series (V,,,=5.5 V)
O—1 —0
ConV. — I I To load
Vin DC/DC Vsapp—] bal | [OVLO| fuvLO| ~
December 8, 2015 WiSe Design 2015
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Aeroacoustic Energy Harvester

December 8, 2015

converter

storage
+ regulation,
protections,

39 mm

WiSe Design 2015
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Powering a Jennic JN5148 Data Logger

Data logger power consumption profile

Start-up

3 w
8 g

Current (mA)
=

Current (mA)

30+

w
8

=5

Sense & transmit

time (s)

Average
data logger
power
S Iml 180 pw
4 6 8 i 10
time (ms)

o

Activation

l

)

~

1

Output Voltage (V)
~N w

-

o

Regulation

=)

20 40 60 80 100 120
time (min)
R. Monthéard, PhD thesis, Nov. 2014
R. Monthéard et al, POWERMEMS 2014
December 8, 2015
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e U0 datalogger
! - 2 v,
o &%@

«e—M’
1)

> ot <

energy management:
PN electronicircuit

http://youtu.be/1kkg-5g9D g
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CAAS .
s Perspectives

Caks chns

= Miniaturization of the system

. Air flow
= Aeroacoustic transducer |
2r
* Helmholtz resonator e T ﬁ'
2R h

= Dynamic behavior

* Adaptive storage to allow earlier start-up & improved energy usage

December 8, 2015 WiSe Design 2015

5 :
5 \ .
m B \ Discharge
[ ' 1 N
s B N
< 3 i
T TT 1T 8 N\
Pl e L e— P 3 “ 2 |
s - I ]: - 1T 1T 22 % adapt. C (exp) =2 adapt. C (exp) <
J_ l J_ """"" single C (exp) single C (exp)
u Ceg=Cuar 1 g — = — adapt. C (sim) 1 — — — adapt. C (sim)
— — — —singleC — — —singleC
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Coq=Coe/ 4™ . 0 20 00 40 500 ) 100 200 300 400 500
DC-DC time (5) time (5)
activation N _—
Cag=Crp/ A" threshold Almost instantaneous availability of energy +13% autonomy
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Caks chns

Screen Printing
H. Durou et al., Microsys.
Technol. 18(2012) 467.

1

Technologies investigated _
at LAAS-CNRS

.
Inkjet Printing -]

D. Pech et al., J. Power
Sources 195(2010) 1266.

Thin Films . .
P. Huang et al., J. Power Electrophoretic Deposition

P. Huang et al., Electrochem.

Sources 225 (2013) 240.
~ Commun. 36 (2013) 53.

0.7 W.cm™2

On-chip micro-storage

Active material

Bottom of cavity

Electrical contact pad

Electrolytic Deposition (RuO,)
D. Pech et al., J. Power
Sources 230 (2013) 230.

100

A. Ferris et al, Advuncei‘!
Materials, 30 sept. 2015

3F/cm?
450 mJ.cm?

December 8, 2015 WiSe Design 2015
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Signal Processing IR-UWB

Energy Wireless

Sensing & Management
Energy DC power
Generation

Communication

Transducer

Smart adaptive
storage

ro-fibre composite
2

vvvvvvvvv

UNIVERSITY OF @m:‘,t:r
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Conclusion

Aeronautics has a true need for wireless sensing

Flight test is the most obvious killing application with great
benefits in terms of:

—Ease of installation

—-Cost

—Flexibility

Aircraft Health Monitoring:

—Long-term goal: conditional maintenance based on
advanced diagnosis/prognostic

—Various Proofs of Concept
—Miniaturization limited by the harvester
—-Dependability over aircraft lifetime has to be proven

December 8, 2015 WiSe Design 2015 50
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Thank you
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