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A growing number of people accepted to join the so-called internet-of-things scenario

World o - o .
Population 6.3 Billion 6.8 Billion 7.2 Billion 7.6 Billion
Connected 540 Million 12.5 Billion 25 Billion 50 Billion

Devices 2
| I connected I I
Connected devices
Devices 0.08 than 1.84 3.47 6.58
Per Person people

&

2003 2010 2015 2020

Source: Cisco IBSG. April 2011

Before this scenario becomes a reality the device powering issue needs to be
addressed and solved.

The challenge of efficient management of energy is a key aspect to consider in
computing systems, especially for applications in smart sensors and Internet of Things
devices.

European Commission Workshop on “Energy-Efficient Computing Systems, dynamic
adaptation of Quality of Service and approximate computing”. Nov. 27 2014 - Brussels
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We need to bridge the gap by acting on both arrows
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Some modeling



The device powering issue: 1) How much energy is needed to power a device ?
2) Where does the device get the needed energy ?

We consider devices at MEMS scale and below
We consider “ICT devices”: i.e. devices mainly devoted to computing task

| > [ Energy ]

B em. FA=
TR

Heat sink

Ambient

Energy

Heat sink

An ICT device is an info-thermal machine that inputs information and energy (under the form of
work), processes both and outputs information and energy (mostly under the form of heat).
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Some interesting questions: Why all the energy ends up in heat? What does it
mean “energy dissipation”? Can be avoided?

What is the role of information? Is this a physical
guantity that affects the energy transformations?

| > [ Energy ]

B em. FA=
TR

Ambient

Energy

Heat sink

Heat sink

We need a physical model...
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Two physical systems: They transform energy
They have many d.o.f. (presence of fluctuations)

They are operated in a changing environment

Fhermodynamics Statistical-mechanies-  Non-equilibrium statistical mechanics

ICT

device

In this framework we can describe the device behavior in terms of few relevant d.o.f. via
a procedure called “adiabatic elimination” or “coarse graining approach”: we exchange
the dynamics of a not small isolated system with small not isolated system.

Let’s see an example...

. y
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Example: physical system pendulum

Focus on the pendulum angle

If we come back after a while..
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Mass m= 1 Kg, Length I = 1 m, rms motion =2 101! m
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How to model such a behavior?

Motion equation for the angle variable:

m1* 0 +mglsind =0

This is clearly an approximation that does
not describe the whole phenomena:
mgsin & 1) Amplitude decay is missing

| mg 2) Zero amplitude fluctuation is missing

Improved motion equation for the angle variable m I’ 0 @ mglsinf =0

They come from the neglected N-1 d.o.f.
< {(t) &0)>=2 KpTy o()

The viscous drag expression can be generalized in order to describe a wider class of

damping functions fy(t T)xdt  mmmd  (EOE0))=kT y(t))

Fluctuation — Dissipation theorem
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Two physical systems whose dynamical behavior can be described in the framework
of non-equilibrium statistical mechanics.

Langevin equation approach

ICT

device

mi=-yx+C+F

ext

_dU(x,t) N

dx
T\ Random force
depending on t

Deterministic force
dependingon x, t

If F,,>> C then the thermal noise contribution can be ignored
. dU (x,t .
mx = _dUxD) yx+C,
dx
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Two physical systems whose dynamical behavior can be described in the framework
of non-equilibrium statistical mechanics.

Langevin equation approach

ICT

device
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Two physical systems whose dynamical behavior can be described in the framework
of non-equilibrium statistical mechanics.

Langevin equation approach

ICT

device

(example from vibration harvester)

mX=—M C(X,V)*‘CZ
dx
V=F&V)

<{(t) §0)>=2 KTy o(1)

See e.g. Halvorsen, E. Energy Harvesters Driven by Broadband Random Vibrations, Microelectromechanical Systems, Journal of
(Volume:17, Issue: 5 ), 2008.
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Two physical systems whose dynamical behavior can be described in the framework
of non-equilibrium statistical mechanics.

Langevin equation approach

ICT

device
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Two physical systems whose dynamical behavior can be described in the framework
of non-equilibrium statistical mechanics.

Langevin equation approach

f / ll\' /'H'l
@/ \_/
ZERO ONE

(example from a digital binary switch)

i = dU(x) %)

< (t) §0)>=2 KgT'y o(1)
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Langevin equation approach

ICT
mx = dU;x ") +C —yx+¢& device
X

This is a stochastic dynamics whose solution x(7) appears like

IN Wy W AWy ’"M/"\’L“*W Mt b Hﬁﬂ'b \

Probability density P(x,t).
P(x,t)dx represents the probability for the observable x to be in (x, x+dx).

\ / |1| .- \‘ J { 7
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ZERO ONE TR e e senn o o | s

P(x,t) is a deterministic quantity and its time evolution of can be described in terms
of the associated Fokker-Planck equation.
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Some considerations
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The device powering issue: 1) How much energy is needed to power a device ?
2) Where does the device get the needed energy ?

| > [ Energy ]

5
-
-

Ambient

Heat sink

Heat sink

An ICT device is an info-thermal machine that inputs information and energy (under the form of
work), processes both and outputs information and energy (mostly under the form of heat).
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The device powering issue:
2) Where does the device get the needed energy ?

E—

?

Ambient

Energy

Heat sink

Clearly this energy is obtained from the ambient...
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The device powering issue:
2) Where does the device get the needed energy ?

E,
| > Ee Energy is conserved....
Ambient
mbien H
C Ee = El = C
Question: can we makeC=07?

Heat sink

. : _ . dU(x,t)
@s the energy dissipated during the transformation. mx = _d— + CZ @ c
X
0

C=C(y) and yis associated with the relaxation to equilibrium and depends on the
characteristics of the device/material.
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The device powering issue:

2) Where does the device get the needed energy ?

\ . . , . dU(x,t)
C is the energy dissipated during the transformation. mX=—-—+ Z;,' —yx+ G

dx

The usual solution is to go very slow, i.e. to minimize X

Good news: In principle there is no physical law that forbids to make C=0

Bad news: This affects the power we can use in the device

C=C(y) can be a function of time and change with the dissipation process.
Viscous damping, thermo-eleastic damping, structural damping, ...

. dU(x,t
Generalized Langevin equation ~ mxX = — ng ) +C - fy(t T)Xdt+C
X
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The device powering issue:

I dU(x, t)_l_é, _yE+E
dx

linear oscillator approach

1,
U(x)=—ax
()2

2) Where does the device get the needed energy ?

Finally, the role of the potential energy U(x,t)

cantilever
Oscillating mass m GRAVITY
Oscillating mass m
Vibrating ground
Elastic beam
Elastic beam
Vibrating wall ¢ N

Left: configuration for harvesting vertical vibrations.
Right: configuration for harvesting horizontal vibrations.
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Linear systems

1
When U(x)=— kx? itis called a linear system

2

Linear systems have some interesting features... (and engineers like them most)

1) There exist a simple math theory to solve the eq.s
2) They have a resonant behaviour (resonance freq.)
3) They can be “easily” realized with catilevers and pendula

~a
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Transfer Function H(w)

In the spectral domain, for a linear system, is always possible to write its
response to an external force like: X (a)) =H (a)) F (a))

Where H is the system transfer function.

H(w)=H'(w)+iH"(w) = |[H(w)| *’

|H(w)I* "~

09

res. freq.

10
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Vibrations energy harvesting

Linear systems

In a linear system, thanks to the transfer function H(w), the
output spectrum can be obtained from the input spectrum
through a simple multiplication...

Transfer Function

Z(t) >

. . —> x(t)
input signal output response

S () = IH(w) S, (o)

Output power Input power
spectrum spectrum




Vibrations energy harvesting

Linear systems

Transfer Function

>
o input signal

>
output response

Linear oscillator

The transfer function is a math function of the frequency, in the complex
domain, that can be used to represent the performance of a linear system

For a linear system the transfer function presents one or more peeks
corresponding to the resonace frequencies and thus it is efficient mainly
when the incoming energy is abundant in that regions...

. .
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Linear systems

The transfer function 1s important because it acts as a filter
on the incoming energy...

S, () S, (w)
. -

Transfer function

Freq. spectrum of of the Freq. spectrum of
the available transducer the usable energy

energy S () = IH(w)? S (w)




The random character of kinetic energy

Random vibrations / noise

Thermal noise

Acoustic noise

Seismic noise

Ambient noise (wind, pressure fluctuations, ...)

Man made vibrations (human motion, machine vibrations,...)

All different for intensity, spectrum, statistics



RealVibrations

It 1s very important that we can characterize the spectral features of
the vibration we want to harvest...

Vibration sources digital library

This Task is devoted to the realization of database containing digital time series and spectral
representations of experimentally acquired vibration signals.

P WER
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realvibrations.nipslab.org ¢ WE3~ promised land

£ Pid visitati % Researchitaly 1K 1BLog pid letti | ... 5 ASN | Abilitazio! IUR - loginmiu. ) ROARS - Return [ ResearcheriD Ga.

Get Full Access! Home WWW. nip5|ab.0rg

‘Welcome to the Real Vibrations web site. here’s a vibrating world around us
What 1 Re Vil i

This web site is home to a digital database containing numerical time series and

Username: * spectral representations of experimentally acquired vibration signals
Most importantly, Real Vibrations is a participatory research project that aims at
creating the world largest repository of vibrations recorded from everyday life objects

Password: *
and people movements.
Cars, trains, airplanes, and even human beings, constantly vibrate and these
vibrations can be recorded with various devices and stored in such a way that they are

Logiin readily available and easily usable both by researchers and non expert visitors.
Create new account What are these data for?

Request new password
A database of vibration data is a map of the moving world. To many this is of no meaning and little use. To us this is a map of potentially useful

energy. In fact vibrations can be efficiently transformed in electrical energy that can be employed to power electronic devices such as wireless

. .
.
[y— e ey s h oo vord sk et e o s Signal presentation:
n a near future we believe that this micro-generators that transform vibrations into electric energy will be able to integrate and/or substitute the
Q Ipad existing batteries for a better and healthier planet. ° DeSC ri p I - O n
If you are a scientist or a professional in the energy world, please contact the NiPS Laboratory at the Department of Physics, University of °
Parg oo s s s o s oo ower spectrum

If you are a student and/or a volunteer you can still contribute to this project simply by acquiring vibration data with your smartphone and
uploading them to the database.

* Statistical data

Nanopower

e Vrsors s dvkpd o h Ncpoer o, ot kot el g Pt and Enagig T * Time series download (authorized users)

(EET\ nmaramma within tha 10T thama f tha Savanth Framawnrk Prmaramma far Racaarch of tha Firanaan Cammicsinn (Grant Anraamant n

 — | How to take part in the project ?

Test

realvibrations.nipslab.org  nips ...,

Noise in Physical Systems




New App for contributing to the database

App Store - RealVibrations
< | |7 [ itunes.apple.com v 8 ¢

E-Learning Space Senato Ufficio Stam...— Quotidiani Jobs and Vac...y of Oxford Job Opportu... Cambridge Nature Twitter / Home Manuscript LL13008 EMEX - Exper...nt External 3>

Mac iPod iPho iTunes Support
What's New What is iTunes What's on iTunes iTunes Charts How To
iTunes Preview
RealVibrations View More By This Developer

By Wisepower

Open iTunes to buy and download apps

Description

With this application yc

your device

The accele slab.org

i provided by NiPS La wering ICT devices

RealVibrations Support » More

A8 4 iPhone Screenshots

Carrier & 10:37 AM &= Carier & 10:39 AM =

Utilities
Record name

2. X Man walking|

Acquisition time: 0 s

Requirements: Compatible with . X
A ! N Acceleration (a) vs Time P— P

Available for free on the App Store: RealVibrations

Ni PS Laboratory
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Bridge vibrations

realvibrations.nipslab.org

boratory

NIPS .
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Chicago North Bridge

Submitted by admin on Mon, 08/20/2012 - 11:22 Ave Bridge Chicago chicagonorth = Chicago River = Michigan = michiganave = North = north bridge
« previous 147 of 313 next»
Chicago North Bridge over Chicago River on Michigan Ave. 400 N Powes Spectral Density
Michigan Ave, Chicago, IL 60611 '° ’ g ) —
Length: 358s ar :;
Sampling Rate: 100Hz __10f 1
Acquisition Kit: EVAL-ADXL345Z %-20 3 1
&
s -30F 1
g
=
g
_70 A A d A
0 10 20 30 a0 50
Frequency (Hz)
RMS STD Mean
X: 0.03113800 g X: 0.02632800 g X: 0.01662700 g
Y: 0.03565100 g Y: 0.01086900 g Y: -0.03395400 g
Z: 0.89531800 g Z: 0.01795200 g Z: 0.89513800 g

realvibrations.nipslab.org NiPS vuveruers @)

[
§
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Woman walking

Submitted by admin on Mon, 03/17/2014 - 10:26

« previous 4 of 313 next»

Woman walking, accelerometer in the pocket Powes Spectral Density
10 . - .

Length: 104s

Sampling Rate: 100Hz

Acquisition Kit: EVAL-ADXL345Z

Powerffrequency (CBHz)

% 10 20 20 @ 50
Frequency (Hz)
RMS STD Mean
X: 1.07838600 g X: 0.63895600 g X: 0.86872800 g
Y: 0.69502700 g Y: 0.55851600 g Y: 0.41235300 g
Z: 0.48628000 g Z: 0.36751500 g Z: -0.31845600 g

realvibrations.nipslab.org NiPS covereiers @)

[
§
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Child walking
Submitted by admin on Mon, 03/17/2014 - 10:26
« previous 6 of 313 next»

Child walking, accelerometer in the pocket Power Spectral Density
10 - - - T
Length: 192s =t
pa—

Sampling Rate: 100Hz ot z
Acquisition Kit: EVAL-ADXL345Z g_,o,

&

© -20

g

=

g

b

&

0 10 20 30 ] 50
Frequency (Hz)

RMS STD Mean

X: 1.07091700 g X: 0.66398100 g X: 0.84024700 g

Y: 0.68002500 g Y: 0.57957400 g Y: 0.35573300 g

Z: 049744100 ¢ Z: 0.37653900 g Z: -0.32507400 g

realvibrations.nipslab.org NIPS e @



Running BMW X3

Submitted by igor.neri on Thu, 05/02/2013 - 15:57

¢« previous 39 of 313 next»

Ventura Freeway - CA, at the speed of 65 mi/hr. Sensor on the front dash.

Length: 308s
Sampling Rate: 100Hz
Acquisition Kit: iPhone

RMS STD

X: 0.00567000 g X: 0.00292000 g
Y: 0.00801000 g Y: 0.00252000 g
Z: 0.99528000 g Z: 0.00488000 g

>

Ni Ps Laboratory g;ﬁr;':}
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realvibrations.nipslab.org

Power Spectral Density

10 20 30 40 50
Frequency (Hz)

Mean

X: -0.05242000 g
Y: -0.08053000 g
Z: -0.99519000 g



Vibrations energy harvesting

Linear systems

For a linear system the transfer function presents one or
more peeks corresponding to the resonace frequencies and
thus it 1s efficient mainly when the incoming energy is
abundant 1n that regions...

This 1s a serious limitation
when you want to build a small
energy harvesting system... res. f




Limitations of linear energy harvesters

Sy(w) =| H(w) |* Sz(w)

e Transfer function: one or more peaks corresponding to the resonance
frequencies

e Difficult, if not impossible, to build small low-frequency resonant systems

e The frequency spectrum of available vibrations not sharply peaked.

Noise in Physical Systems .



Vibrations energy harvesting

Whish list for the perfect vibration harvester

1) Capable of harvesting energy on a broad-band
2) No need for frequency tuning
3) Capable of harvesting energy at low frequency

0

1) Non-resonant system
2) “Transfer function” with wide frequency resp.
3) Low frequency operated



Vibrations energy harvesting

yx—-K,V+C,

The oscillator dynamics




NON-Linear mechanical oscillators

1) Non-resonant system

2) “Transfer function” with wide frequency resp.

3) Low frequency operated

Example...

Inverted pendulum

W
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bimorph
piezo-bender
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NON:-Linear Inverted pendulum

A

. \ permanents

magnets

&(t) excitation
4—

<« ‘x; deflection

<«— Piezo bender

b)
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NON-Linear mechanical oscillators

1
e ASBMM
== A=Tmm
0.9 t" ——A=10mm i;
0.8-“'\ ---A=AC=11.2mm i
o == A=15mm 1
N ! 1
0.77 ;

U(x, A) (mJ)

o
(8}

o
~

http://www.nipslab.org/node/1676

Nonlinear Energy Harvesting, F. Cottone; H. Vocca; L. Gammaitoni
Physical Review Letters, 102, 080601 (2009)

. Py
NlPS Laboratory 7
Noise in Physical Systems £




NON-Linear mechanical oscillators

9 i | ! | ( ! | ! | ! | ]
~_ o |

£ 8 { . -
E7t { ! i
E T : [ -
X~ 6 | , i
5[ { i=— A_=11.2mm i
R | -
4t %t ]
s ¢ wh 695; _'
L ,-_ EEE -
‘I =& By " ]
s Y VT Y YV

O | 1 | 1 L | L | L |

5 104, 15 20 25

A (mm)

Nonlinear Energy Harvesting, F. Cottone; H. Vocca; L. Gammaitoni , Physical Review Letters, 102, 080601 (2009)




Power response

Linear
mechanical
oscillators

NON-Linear
mechanical
oscillators

TN
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w
9

w
o
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Power (10 "Watt)

-
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A (mm)




Non-linear systems

1 1
U(x) = Ty 4 Zax4 Duffing potential

0.28
0.35
0.26
0.3,
0.24
0.25
2 :
£ 1022
= 02
0.15 10.2
0113 10.18
0.05

0.16

0.14

0.12

b 0", o -06-04020
a

L. Gammaitoni, I. Neri, H. Vocca, Appl. Phys. Lett. 94, 164102 (2009)

.
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Field tests

Nonlinear energy harvesters: U(z) # %kx’z

PZT &
| . Voo
Bistable kinetic energy harvester g

¥

1 1o MM
U(z) = ~Kejsa? + = ————
("E) 9 ffe + It (.’EZ + A2)3/2

| F. Cottone, PhD Thesis, Perugia 2007

NiPS Laboratory g
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Simulation of power harvested using various
vibrations sources

Car
20 .
2o |
g 40| A ‘.. ﬁ pZT k‘
2 w0 W_‘”& I I J’ . A g
o PN — £
o e , =
§w | ! :
-0 w (=5
0! |
ad o 0 w w' o 0 : i '
Frequoncy (Hz) 0.005 0.01 0.015 0.02
iy — Tm{” -5 A (m)
LXx 10
» " 2= . . '
5o N Al n
I W PZT R Y4 S S e
2 % \ ‘L \ = Pl
g . / ) < '
g — Q l ............. { \‘ N
E N ’ + ! 5 I" 5 -
& V’r = 0.5t ; e \\\ l
%0- e ccaaaa-
= w' 10’ w w0’ ' 0.005 0.01 0.015 0,02
Frequency (Mz) N
Microwave oven = A{m)
-2 s LSX 10 i
-5 !‘i == Microwave oven
§ o ‘ - PZT . l!‘I
o salb' | = | T S
> 0\ no | -~ H I
g ol 2 .J L&:}* | | ¢ = : ! :
g W —_ = [
% ol haf (i , + —_ £ 05 I
& -oof M 1 :
0t 0-'“"-'-----._.-.§.' Y -
- 0.005 0.01 0.015 0.02
" v F'M‘Z“; {Hz) v “ A (:m)

5] Kinetic energy harvesting with bistable oscillators, H. Vocca et al., Applied Energy 2012



Shrinking size

HAT (Hybrid Autonomous Transceiver) Prototype Vibration Harvester
(Courtesy of Wisepower srl, www.wisepower.it) ( ®  FET Proactive — G.A. 256959, www.nanopwr.eu)
50 mm
0.5 mm

AIN
Doped SOI film

Non-linear bistable oscillating
membrane —

Few mW range Few 0.1 uW range
NP e @
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Three classes of potential nanoscale energy harvester devices have been studied.

e

2
H
H
3

K Asymmetric phonon flow /

Nonlinear nano oscillators Heat rectification harvester

Quantum harvester

"NANOPOWER: Nanoscale energy management for powering ICT devices" acknowledges the financial support

of the Future and Emerging Technologies (FET) programme within the ICT theme of the Seventh Framework
Programme for Research of the European Commission (Grant Agreement n. 256959).
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Some conclusions
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ICTenergy

Consortium News Events

Participant no. Participant organisation name Part. short Country
name
1 (Coordinator) Universita di Perugia UNIPG IT
2 Roskilde University RUC DK
3 Karlsruher Institut fuer Technologie KIT DE
4 Barcelona Supercomputing Center BSC Sp
5 Ecole Polytechnique Federale de EPFL CH
Lausanne
6 Aalborg University - Denmark AAU DK
7 Hitachi Europe Limited HCL UK
8 University of Bristol UNIVBRIS UK
9 University of Glasgow UGLA UK
10 University College Cork, National TNI-UCC IR
University of Ireland

Home | ICT-Energy

Contacts Login
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NiPS Summer School 2014 "ICT-Energy: Energy management at
micro-and nanoscal

Welcome to the ICT-Energy project website!

The goal of the project is to create a coordination activity among consortia involved in the ICT-Energy

SEARCH

Search

ICT-ENERGY PHD FORUM

Call for Submissions

NANOENERGY LETTERS
Subscribe to the NANOENERGY
newsletter to be informed on our
latest news!

Subscribe
Previous issues

3]

UPCOMING EVENTS
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[CT-ENERGY

WWwWw.ict-energyletters.eu

In the last three issues we have started a special SR A Tt
session devoted to the publication of original = o T
scientific papers. Instruction for submission @
procedure is available at:

www.ict-energyletters.eu/submission AL SO ™

Next issue Jul 15th 2015
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The future of powering for small mobile electronic devices

Present solution: --disposable-batteries
- rechargeable batteries energy storage issue

Future solution: - energy harvesting + storage

Take-home message:

1) Focusing only on energy harvesting produces misconception. The focus should
be on energy transformation processes.

2) Both ends of the gap should be addressed if we want to move from labs to
market.

NiPS Laboratory @ 53
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What future for the subject of energy harvesting / autonomous devices ?

Bright!

The problem of powering small (and not so-small) autonomous devices has been
already addressed and solved by nature. There is plenty of devices that process

information (and actuate) while transforming energy from low entropy sources
into heat.

-
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To know more

- www.nipslab.org
- Www.ict-energy.eu

- Book:  ICT - Energy - Concepts Towards Zero - Power Information and
Communication Technology, InTech, February 2, 2014.

Luca Gammaitoni, NiPS Laboratory, University of Perugia (IT)
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