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E Outline

Introduction : Energy Harvesting, dream and reality

Quantitative/qualitative aspects, system view and challenges

2 @ Mechanical Energy Harvesters

( + power management circuits) -> Some general principles, State Of the
Art, challenges + CEA examples

3 @ Flow-driven Energy harvesters

Conclusion
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Introduction

° Energy Harvesting for small systems ? Let me google that for you ...

Camille Pissarro « The Harvest » - 1882  Neil Young « Harvest » - 1972 Key ring Dynamo Berkeley « Smart-Dust » - 2002
(Decathlon) - generator 16 mm? autonomous solar-
powered sensor node

°* Some “good” key words

Sporadic/intermittent/irregular Opportunistic

Energy Generators , unintentional
Energy harvesters Autonomous Wireless Battery-less

Sensor Node (WSN) Solar-powered

Energy Scavengers Micro power Self-powered Vibration-powered
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Introduction

Energy Harvesting : the dream
"Shoes or clothes can

recharge your iphone!”

10 mW-500 mW

Gheige Your ol SnsnE VIS Your SN Mobile phones come alive with the sound of

music, thanks to nanogenerators

Credit Peter Griffin/Public Domain

Charging mobile phones with sound, like chants from at football ground, could
become a reality, according to a new collaboration between scientists from Queen
Mary University of London and Nokia.

incharged.com phys.org
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https://incharged.com/
https://phys.org/

Introduction

Energy Harvesting : the dream
"Shoes or clothes can
recharge your iphone!”

10 mW-500 mW

Energy Harvesting : the reality ...

100 pW-1 mW 100 pyW-1 mW

"Tee-shirts could power an optimized and "Shoes could power optimized and low
low power wireless cardio" power wireless force sensors"
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Introduction

°* Towards Autonomous Wireless Sensor Nodes (WSN) :

Energy source coming
from the environment

EH system
&
Power Mngt

Autonomous Wireless Sensor Node
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Quantitative/qualitative aspects, system view and challenges
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m Quantitative/qualitative aspects

°* Quantitative aspect : harvestable powers (order of magnitude)

Mechanical Thermal Chemical|
® @ >
stress-strains vibs  rotations gradient variation Biochemistry
9
%
100000
10000 {
UW/cm? 1000 [ 100 pW
100 ‘T‘T M
or pyW/cm? 10 4 —',[ T i
1 - —
0,1
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Quantitative/qualitative aspects

®* Quantitative aspect : the power demand

uC - active LED GPS receiver RF emission
uC standby (1mWw) (1-10mW) (Z0mW) (40-90mW)
(- i“W IOiW IOOiW ‘ 1mW ‘ 10mW 100mW '
| RFID tag
Accelerometer Hearmg aid RF receptlon MP3 player Smartphones
Watch" (30uW) (1-2mw) (30-50mW)  (50-70mW) (0,5-1W)
(1-5pW)

® Qualitative aspect : input power generally intermittent and irregular

P A
=0mwW Transmission
: power peak
=1mW s
Harvesting Off Stand by / sleep
System A - \
Time
Stored Energy
2 250 2500 2500 250

—> Storing the energy is necessary

Cfsi- %1- Cﬁi‘ — Asynchronous operation of the WSN

- > generally required
If AT= 1s, <P> = ImW e

Commissariat a I'énergie atomique et aux énergies alternatives Web-Séminaire CRESITT — « Récupération d'énergie pour les petits systémes » - Pierre Gasnier 7 Juillet 2020



a Quantitative/qualitative aspects

° Energy harvesting when it is unavoidable :

Vehicle health monitoring, Medical applications...
harsh environments (high temperature...)

location difficult to access

Harsh Environments - ©Microturbo

many WSNs : changing the batteries is
expensive (maintenance costs) Smart-Buildings, industrial maintenance...

...... e o

G PR T,

long-life WSN (>10-20 years), sometimes in
addition to a primary cell ...

—> Energy harvesting technologies are still linked to specific applications
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cea Introduction : the system view

°* From ambient energy to autonomous devices

Efficiency Efficiency Leakage
Size Size size
Cost Cost

)
Ambient h Energy Power
/

NS

Power
consumption

Application

® Constraints and optimizations on the complete chain: the importance of a "system view"

* Harvesters dedicated to the environment, power management circuits dedicated to the harvester
* Strong impact of the power management circuits on the efficiency /volume : global power density
* An approach often adopted :

T Power demand (LW) and WSN operating mode ? = WSN optimization

2 The environment : input energy and volume allocated to the harvester ? => Design of the harvester
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Introduction : example of autonomous sensors powered by EH

® Energy Harvester + Power management + Low-power WSN

Thermally-powered devices Airflow/Waterflow-powered devices Vibration-powered devices

TEG11 @ magnetﬁ‘

Piezoelectric

, / cantilever

COMPTEUR TEMPERATURE ACCELEROMETRE

mesures accelerometriques brutes

kaw values @ -32.0 -36.0 -8B4.0

ADXL363

(T° + acc. 3 axes)

2
=
o
=
(T
=
5
3
(o]
a

NRJ storage

Propeller + magnets

Thermoelectric EH + PMC + BLE node = Turbine + PMC + BLE sensor node = Vibration energy harvester + PMC + RF =
Temperature sensors & accelerometers flowmeter powered by the water flow Autonomous T°/acc® sensors
powered by thermal energy = connected irrigation => predictive maintenance

Commissariat a I’énergie atomique et aux énergies alternatives Web-Séminaire CRESITT — « Récupération d'énergie pour les petits systémes » - Pierre Gasnier 7 Juillet 2020



Introduction : challenges

°* From ambient energy to autonomous devices

Ambient

energy

NC /

|

Efficiency
Size
Cost

J

Harvester

Efficiency
Size
Cost

Power

management

Storage

Power
consumption

Application

®* Main challenges :

Commissariat a I'énergie atomique et aux énergies alternatives

* their power densities or volumes ... but WSN are consuming less and less |

- ® their reliability (particularly mechanical harvesters)
® « Operational reliability » (Amplitude, frequency range, ...)
* Ageing and robustnest

® their costs

P

® their environmental impact

—» We focus on these aspects

Web-Séminaire CRESITT — « Récupération d'énergie pour les petits systémes » - Pierre Gasnier

... s compared
with batteries

=




E Outline

2 @ Mechanical Energy Harvesters
( + power management circuits)
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E Vibration Energy Harvesting : general principle

* Resonators (Mass — stiffness — Damper) with high power densities

Mobile Mass

P o mA?Q
Amplified limit= . T .
ol | 167 o
Input 1 . , , , ,
Acceleration )
cantilever structure X(t) 0.9}

S
4

e
o

Mobile Mass

1EAl

V @ 0.1G

o
£
T

Normalized Power
[=]
(4]

2
w
T

(magnet) o )
Simplified mechanical model 02
Input
Acceleration I 0.1 Fo
. 0 1 1 i 1 1 1 1 1
Suspension structure 45 46 47 48 49 50 51 52 53 54 55
frequency [Hz]

(magnetic of mechanical)
Mechanical to electrical

conversion
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a Vibration Energy Harvesting : general principle

®* Mechanical to electrical conversion (transduction)

Piezoelectric Electromagnetic Electrostatic

Use of piezoelectric matetials Use of Lenz’s law Use of a variable capacitor
|

(Y ) »
>

coil OO

electrode electrode
piezoelectric movement
electrode magnet I:R]
movement

stress/strain 0000000 electrode
+ high output voltages + high output currents Very high output voltages
+ high capacitances + conversion # mechanical suspension : + possibility to build low-cost systems
+ no need to control any gap - low output voltages + coupling coefficient easy to adjust
- piezo = part of the mech. suspension - coils are resistive at low frequencies + size reduction increases capacitances
- Expensive material - hard to reduce coil dimensions - low capacitances

- high impact of parasitic capacitances

%) (&)

¢ Piezoelectric
e Electromagnetic
e Electrostatic

¢ Piezoelectric
e Electromagnetic
¢ Electrostatic

e Electromagnetic
e Electrostatic
* (Piezoelectric)
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E Vibration Energy Harvesting : general principle

®* Power densities in practice ...

Normalized Power Density vs resonant frequency

Emag Piezo O Estat

100000
"*.:9 10000
o
r @ : Other Labs
LE{ 1000 A & : Commercial
< o A :CEA
= 100 o o
(@) o o A - MEMS (<1cm?)
a o o
2 10 o
Oo o o
o)
1
°© o
0,1 o
1 10 100 1000
Frequency [Hz]
—> NPD Electromagnetic = > NPD Electrostatic

— Electrostatic : NPD relatively low in practive but enables MEMS device (size reduction)
— Operating frequencies : Electromagnetic = 10-100Hz,
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E Vibration Energy Harvesting : general principle * Commercm
A :CEA

OZ : MEMS (<1cm3)

* Power densities in practice ...

Normalized Power Density vs resonant frequency

[Gibus et al., 2020]

Emag o Piezo O Estat [Roundy et al., 2003]

1680000

Im
it | UNIVERSITE - 5
SAVOIE
MONT BLANC

N

ho 10000

3 O

g 1000 Q) @) 0

= o, |

= 100 o [Gasnier et al., 2018]

| i e

a) o -

(a8 fo) o

2 10 oo

o o O
1 o)
° 0 30 cm?
£ i 0,1 o
perpetuum LA Al 1 10 100 1000
X R - :
Frequency [Hz] [Elfrink et al., 2009] IMEC N

(o)

[Morel et al., 2016]

Viary = 250 cm?

“ 0,012 cm3
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E Vibration Energy Harvesting : CEA examples

* Wireless Body Area Networks (WBAN) applications : autonomous wearable sensors

* Electromagnetic non-linear resonant system optimised for the very low frequencies (<30Hz)
* ”AA-battery size” (9cm?3) with a mobile mass (magnets) of 5.7g

2,5
®* Optimization method 0 —+— Experimental
® Based on a set of experimental acceleration measurements % 15 | | N\ Simulated
* Joint optimization of the electromagnetic coupling + magnetic repulsion 3 1.0
o~
0,5
1 ’ \\\~
Repulsive 08 0,0 “-
06 0 10 20 30
magnets Coils ) _ 1o.4 f (Hz)
non linear stiffness Mobile mass : 02
magnets stacked with 0
alternating polarities 02
+ ferromagnetic spacers 2: ol
1 = '5‘
Simulation EF (COMSOL) i 7 \§
TE — :
W ~
* Results: =
®* Hand-shaking (6 Hz, 2g): 6,57mW b
cea -
°* Upperarm:Run @ 6.4 km/h:3.94mW, Run @ 8 km/h : 4.96mW
° 550p.W/cm3 [M. Geisler et al., 2017]
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E Vibration Energy Harvesting : CEA examples

* Vibration energy harvesting for SHM in aeronautic environnements

® Piezoelectric cantilever structure (bimorph) Power vs frequency VEH2 - 90°C - 13k0
° Analytical Modeling + Finite Elements (Comsol) - Vg e '/ APU frequency
* Dedicated power management circuit - ' 1,00E-01 :
* Application : power supply of a conditioning circuit for 5 Tol
3 acceleration sensors g o .| TS - 3G
®* Constraints : " Lo0g03 = 2 e 16
® «High » frequency : 1167Hz Power target (1,2 mW)
® High acceleration range (8G - 20G) Test bench and harvester (130g,30cm?) 1,005.941080 1130 1180 1230
*  Nominal operation @ 90°C, up to @ 120°C Frequency[Hz]  [Gasnier et al., 2018]

* Results
° Experimentally validated in climatic chamber (8G-20G @90°C et 120°C), 107 cycles
* Tested in real conditions : SAFRAN’s APU (13G-15G / 70°C)
®* Maximum output power measured : 200mW@ 8G - 1167Hz

APU SAFRAN
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E Vibration Energy Harvesting : challenges

° Vibration Energy Harvesters are very selectives

o . mA?Q
[ M 6.1 Fy
" Fy = 50Hz
0.8} Pmax/Z Q =50

e
o

&x !
S
T T

>

1Hz
(-2%)

Normalized Power
[=]
(4]

=
[
T

=
IN
T

Modéle mécanique simplifié d’un récupérateur

=
-

d’énergie vibratoire

(=]

45 45 47 48 49 50 51 52 53 54 85
frequency [Hz]

— VEHSs are « environnement specifics » (frequency, Amplitude)

— Frequency selectivity has detrimental consequences on their functional reliability

Web-Séminaire CRESITT — « Récupération d'énergie pour les petits systémes » - Pierre Gasnier 7 Juillet 2020
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E Vibration Energy Harvesting : challenges

- Harvester’s resonance frequency vs environnement’s frequency

‘ fO = fenv ‘ fO * fenv ‘

Resonant frequencies vs temperature
it 1103

1180

1160 _7%

1140

165

1120

Resonant freguency in
open circuit [Hz]

1112
1100

<+--- 20 30 40 50 =} 70 B0 90 100 110 120
Temperature [°Cl

m/s2 m/s? m/s?

I | f . |
Frequency variation of the Drift of resonance freq. CEA prototype / SAFRAN
environment (T°, ageing, ...)

— Need to dynamically tune the harvester to compensate for thermal drifts and ageing
Target = Bandwidth (BW) > 10-20% f,,

- Different approaches to counter frequency selectivity .o

MU|t|'beam I%:ﬁgUNIVERsmg JaN

Frequency-up conversion
[Badel et al., 2014]

B9 universiTe
SAVOIE
MONT BLANC

UNIVERSITE
S PARIS
SUD

Non-linear oscillators LA |E
Electrical frequency tuning Y © T o aw am

(el
[Lefeuvre et al., 2017]

aam
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E Vibration Energy Harvesting : challenges

° i . I
The coupling : static case Woiec Wi

R : : k2. = =
The material COUplmg CO - Welastic_piezo +Wetec Wi+ W,

[ VTX / > /\/ A E D
L ) \ W, % _ 511”511

OA 4 0 B 31 — E
[ ] I;??“ w cC S11
, W1
[ANSI IEEE] 0 X
T, Y .
®* The global electromechanical coupling 12— Wolec o Woiec | Wuseful_tot_Piezo
_ I
VTX / Wiotar VI_/u_se_fI_u_to_t_Pl_ez_o,I Wiotar
Vibration
. . A — Short circuit
Tip velocity .
Mobile mass I — Open circuit
displacement f f
co cc
k2
fco

fCC f Frequency

-> The higher k?, more the impact on the stiffness (thus the resonance freq.) and the damping is important
-> Design and fabrication of strongly coupled cantilevers (high k?2)
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| —} 5
Vibration Energy Harvesting : challenges wgz\',\ggs'ﬁ
MONT BLANC

—p Polarization axis 1

® @Goal :increase the global electromechanical coupling Plesoelectrc materil

B Substrate material
mm Intermediate material

® By using intrinsically highly coupled materials
® High k? : very large bandwidth (BW)
High BW but stronlgly coupled materials (single-crystal) = poor temperature resistance

. BW :
®* By designing structures that
* ... localize the elastic energy in the piezo material
* ... homogenize the deformation in the piezo material

High BW but complex structures : fabrication cost, limited robustness, low quality factors ...
BW :32% @

[Ahmed-Seddik et al., 2012]

* Phd-thesis CEA-USMB (D. Gibus)

® Study, modeling and caracterization of strongly-coupled structures adapted to industrial
environnement

® Easy to fabricate (cost, robustness)
®* Ceramic-based cantilevers operating @ high temperature
ex : PZT-5A (k3; = 15%, T, = 360°C)

[Gibus et al., 2019]
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Vibration Energy Harvesting : challenges QQEE\',‘&?ES”E'

MONT BLANC

* Exploiting the ‘long tip mass’ (high rotary inertia) and
plane strain configurations —_—
— High couplings with ceramic-based stuctures (k?>10%) :
Bandwidths : 8% to 12% of the central frequency " *Badel cf Lefeuvre o,
— Very good power densities (400 to 700 kg.s.m3) 451
500Hz
® Perspectives : =
* High power densities and Bandwidth %25 Gkt
® Size reduction z
®* Robustness et ageing - 30017
m
°* Need for intelligent power management circuits °| “na«
. Shiddiqui et af.* 3
able to dynamically tune the harvester’s 000 Prumgea  Bebenoutc N
behavior as a fonction of the input frequency 1 ERRELN
5 ;h*M(:el‘Iera!. PZT N — 100Hz
—— N N AN S S (R S S
Amblent ’%/ Encrgy MMM Power ¥ . Y Application 0 100 200 300 400 500 600 700 800
energy ’!,‘, 4 Harvester 48 management 4 4 .- NPD (kg.s.m-j)
N

[David Gibus Phd, 2020]
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(== 5
E Vibration Energy Harvesting : Pmngt circuits wgg',\gfgs'“
MONT BLANC

°* Non-linear extraction strategies for strongly-coupled devices : Phd-thesis CEA-USMB (A. Morel)

® SC-SECE technique : emulation of a capacitive behavior between f__and f,_

® results : 600uW over a 20Hz bandwidth T e e ey T ey
900 - — Theoretical results on an AC/DC+DC/DC
— — Theoretical results on an AC/DC with R,_=10000{1
I (Rin) 800/ * Experimental results using the short-circuit strategy
Control circuit © Experi I results on an AC/DC+DC/DC
— | g TR —> No need of a large off-
~— 2 DC}DC E’ I \\-\ pacesa - . ..
MR Sx0 : chip capacitive bank for
Cdc Rin cuut EM" .
wlsp /= || | = | )] Vi i the frequency tuning
‘ * 200
100,
T [A. Morel et al., 2016] 240 250 260 W e

Frequency (Hz)

* ASICs performing automatic frequency tuning to optimize the energy extraction

14

| Periodic vibration @ 58Hz

Periodic vibration @ 53Hz

Py 12
e (= 10
: =
/ C Uy 1 A g’ i
P ¥ ©
L | / E M =1 |HM4 3"% M; al— ¢, T Mo ; s 6
. - y .| V-;q 2 > 4
Mechanical vibration T 5
T T
2

[Morel et al., 1SSCC 2020]
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3 @ Flow-driven Energy harvesters
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E Fluid Flow energy harvesting : principle

Electrical power of a small scale turbines

* Power extractable from flows : . 1000000 (N1=10%, D=2cm)
1 1,00000
- _. . A3 Viow, < -
Porec W] = 5 Neot * Prlow * A" Viiow Do D % —
g 0,01000
o]
& 000100 --4-

* Small size : expected efficiency and power :

Ntot < 0,59 (Betz’s law)
* 0,3 <N <0,4 for typical windmills
Neor < 0,2 for small scale devices

0,00010 -

0,00001

-> Flow driven energy harvesters enable to supply WSN from a few m/s

rotation

®* Main types of flow-to-mechanical conversion :

® Various types of mechanical-to-electrical converters : j{] I
stress/strain

1000

- Flow driven harvesters are less dependents to environmental conditions (no freq. component)
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E Airflow energy harvesting : CEA prototypes

* Air flow energy harvesting thanks to p-turbines (miniature turbines)

®* Typical applications : harsh and HVAC applications
Vair
®* Coreless Permanent magnet generator (no cogging issues) R 35mm
. . . V)
(rotating permanent magnet surrounded by a fixed coil)
®* Experimental results :
® Cuttin speeds (2 m/sto 5 m/s) _
® Electrical Powers : 200 yW @1.5 m/s -3.7 mW @ 3 m/s 50 g, 85cm’
® End-to-end efficiency : 20.1% @ 2 m/s, 23.9% @ 3 m/s , e ni
CFD solver (Altair AcuSolve) i
_ ! : .\lc'flsnu‘k:\lﬁnrs design TSR
1 6 ['o Mammison 7 4=13
& o .\lcasm'ca.‘sn_n-s
AS 5 } ¢ Measures 3.5 m/s
s, ,‘fxmu l.‘ m's
S5 4 F—Smursws o4
z = —Simu 3 m/s
By == 3 fe=Simu3.Savs
2 ° &
- 00 | ) fll
. . 0 —00-%?;- 1
250°C comphant' uturbme 3D prmted ut.urb'lne for ! ()pe(x{;:tional Tip Speeld Ratio (2, =(v)]li/v,,, ) )
for aeronautic env. HVAC applications
[PowerMems 2018] [PowerMems 2019]
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[Marin et al., 2015]
2,58mW @ 2m/s

[PowerMems 2018]
7,2cm

[Howey et al. 2011]
0,08uW @ 3m/s

[Rancourt et al., 2007]
2,AmW @ 5,5m/s

500 ——

59 efficiency (Betz)
\

! -\
30% efficiency

/
/||||

ity [mW/em?]
2

/

/
Power ()'ens
&
&5

»
»

[PowerMems 2019]

3.5cm e

Commissariat a I'énergie atomique et aux énergies alternatives

4
Air velocity [m/s]

7

léc [1] Gasnier et al., 2018
(P 3.45cm - shrouded)

= [9] Howey etal., 2011
(@ 2cm - shrouded)

[10] Carli et al., 2010
(® 6,3cm)

A [11] Flammini et al., 2010
(P 6cm)

© [12] Rancourt et al., 2007
(@ 4,2 cm)

® [13] Zakaria etal., 2015
(P 2,6em)

4 [14] Marin et al., 2015
(P 7.2cm)

=®=This work
(® 3,5cm w/o shroud)

=¥—This work
(® 3,5cm w. shroud)

— uturbines operating from 2 m/s and having power densities from
50-100uW/cm2 @ 2m/s to 250-500uW/cm? @ 3,5m/s
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E Waterflow energy harvesting : CEA prototypes

°* Water flow energy harvesting with electromagnetic converters

* Typical applications : district heating / cooling, culture monitoring / irrigation
®* Coreless Permanent magnet generator (no cogging issues)
* Distributed magnets at the periphery of the turbine with alternate polarities

®* Experimental results :
® QOpen-circuit voltages = 4V @ 10L/min - 8V @ 20L/min
® Electrical powers = 7,5mW @ 10L/min — 32mW @ 20L/min
* Ap =0,05 bars@30L/min (coils short-circuited), minor loss coef of 3,94

T
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Conclusion
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E Conclusion

° Energy harvesting technologies for small systems :

* Still for specific applications and particular environments
* where batteries cannot operate (high T° par ex.)
* |solated environments

®* But ... mainstream applications are increasing
— 3 industrializations in progress at CEA (sport, domotic, connected irrigation)

* A study of the whole system is needed
- “Adequation Harvester — Circuit”

Ambient t Energy &, Power :
@l management gl Storage

NS

N

Application
——

®* The paradigm of "sensors dissemination"” should not make us forget the
environmental impact and the cost of the technologies it promotes
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E Conclusion

®* Mechanical Energy Harvesting : towards democratization and
industrialization

®* Cost
* Reliability

— Robustness and ageing
— functional reliability

® Vibration Energy Harvesting :

°* Good power densities (>10mW/cm3.g?) but very selective
- Countering frequency selectivity through strongly coupled piezo harvesters
combined with self-adaptive power management circuits

* Flow Energy harvesting :

* High power, no frequency dependence
- Decrease in dimensions
- Towards wider operating ranges
-> Decrease in pressure losses
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m Conclusion

Energy harvesting to power WSN ... not only ...

Wireless Power Transfer

Energy Harvesting Wireless Power Transfer
technologies technologies
< \nductive
s\ VS
&
=

&) © 2
O o
%, &

Acoustic
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ﬂ Wireless Power Transfer Technologies Developed at CEA

Acoustic WPT

* High power with high efficiency

Inaccessible side

Electronic
&
Sensors

Accessible side

v

ezoelectr C

Input Power

Finite element simulation

18 ‘;4_ Piezo Tx
06

Wall

0.4

0.2

Ty

<+—— Standing waves

-
—
6 — -0.2
0q [N Power LEDs
W—
02 fm— ™ through 7-cm
o o6 wall

<+— Piezo Rx

05 1 15 2 cm

o

* Power transfer through metal using 2 piezoelectric transducers

10 W (50 % eff.)

through 55-mm
thick steel wall
at 500 kHz

-
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* Power transfer at low frequency using a moving magnet embedded in
the receiver coil

Transmitter system Receiver system
A
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