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* Tehnologia curenta permite aparitia unei noi clase de
senzori si sisteme de control care folosesc energia
recoltata din mediul Tnconjurator pentru a se alimenta.

* Aceste sisteme au cerinte foarte mici de consum de

energie si sunt optimizate pentru un timp de viata foarte
mare.
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Recoltarea Energiei

- A existat inainte de inventarea surselor

conventionale de energie (baterii sau generatoare electrice)
« Odata cu micsorarea dispozitivelor embedded si
reducerea consumului, cercetarea de noi mijloace pentru

recoltarea energiei a devenit un domeniu de interes.

« Surse de energie
= RF
* Energie Solara
= Termoelectric
= Vibratii
= Omul

‘ Catedra de Calculatoare
acultatea de lutomatica si Calculatoare




Surse de Energie

mbedded
ystems
L aboratory

Surse de radiatie ambientale
— Passive RFID

Recoltarea de energie biomecanica
— Miscarea umana (genunchi, calcai etc.)
Energie piezoelectrica
— Surse de vibratii
Energie piroelectrica
Energie termoelectrica
Energie electromagnetica
— Inductia magnetica intr-o bobina (diferite tipuri de dinamuri)
Energie electrostatica (capacitiva)

— Modificarea activa a dimensiunilor unor condensatoare

Recoltarea energiei matabolice a copacilor
— http://voltreepower.com/index.php

Recoltarea de energie din zaharurile din sange

‘ Catedra de Calculatoare
acultatea de lutomatica si Calculatoare
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Energy Harvesting

w

* Deschide noi posibilitati in
portabilitate si durata de functionare a
aplicatiilor

* Permite alimentarea neintrerupta a

dispozitivelor electronice din locuri
greu accesibile

* Teoretic, timpul de viata al unui
dispozitiv poate fi prelungit la
nesfarsit




Exemple

eZ430-RF2500-SEH i3 TEXAS
Solar Energy Harvester

‘ Catedra de Calculatoare
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* Proces prin care energia din mediul inconjurator este captata si Solar
stocata
. . . L peivas A - : , I
 Tehnologie care deschide noi posibilitati in portabilitate si Wind -
. . .. nergy
durata de functionare a aplicatiilor Harvester LOAD
. . . Vibration
* Permite alimentarea neintrerupta a dispozitivelor electronice I
din locuri greu accesibile —
* Teoretic, timpul de viata al unui dispozitiv poate fi prelungit pe Harvesting Sources
o durata foarte lunga
A
E
. . g Low workload High workload Low workload
Considerente de design W e completelyon
» Energy Neutrality. Cum poate fi variat consumul de energieal |~ BSSSSS = idle
retelei a.i. sa fie tot timpul mai mic decat rata cu care e produsa
energia?
» Performance Balancing: Cum poate fi maximizata performanta
unui sistem intr-un buget energeticdat? L B sleep
Time (s)V
c Catedra decnlfulf\loore‘ dlide 8
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Energy Harvesting - Obiective

 Reducerea greutatii

 Reducerea costurilor de instalare si intretinere
* Introducerea rapida a functionalitatilor noi

* Reconfigurarea rapida

* Se pune accent pe
* Aplicatii care au cerinte limitate de latime de banda

* Eliminarea cablurilor: distante mari de acoperit, articulatii flexibile,
zone dificil de accesat, medii ostile




Power Generation and Consumption
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Power (Watts)

B
101 — Space shuttle at liftoff (11 GW)
109 Typical realm of energy
108 regeneration
10 — Boeing 747 at cruise (65 M
106 — Very large wind turbine (5 MW)
10 — Midsize automobile (112 KW) ESs&
104 |
103 — Boeing noise reduction chevrons (2 kW)
102 — 150 Ib human male running 8 minute mile (280 W)
10 — Laptop computer (60 W)
ﬂ . — Heel-strike energy harvesters (2 W)
] — Cell phone (600 mW) "
10- — AAALED flashlight (100 mwW)#* =
102 — MicroStrain, Inc. wireless sensor (45 mW)
103 —Laser in a CD-ROM drive %5 miy)
—U of W dimmable window (4 m --f|
104 .
Typical realm of
105 - energy
106 —EnOcean wireless sensor (24 | Yigs harvesting

— Quartz wristwatch (1 pW‘




Energy Harvesting Power %ﬂl‘% ebedded
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Laboratory
Average Power

Harvesters Consumers
Cell phone
Zigb h net k nod
1 cm? a-Si PV - (V\Il Rs?rg?ne\?virerlleesgvgernsg?) ©

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

in sunlit airplane window

T~

1in2 TEG on crease beam —— _
*—— Wireless dimming window

TEG stringer clip ——e

—

6 mm?2 TEG on hydraulic line —{e
Large inductive vibe harvesters —

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

1 cm? a-Si PV in cabin lighting

*— TI1 MSP430 microprocessor (awake)

o—— Wireless sensor @ 1 Hz

Push button transmitter

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

-

Small piezo beam vibe harvesters—

— Chipcon CC2500 radio (asleep)
T1 MSP430 microprocessor (asleep)

*—— Sensor @ 2.8 hrs interval



i 1l %C% Systems
Surse de energie regenerabila T e

- Conversia piezoelectrica

- @Grinda elastica de material piezoelectric cu o greutate
atasata la capatul mobil.

- Energie maxima -> frecventa de rezonanta
— f=120Hz; V=4-6V; P = 800uW
- Conversia termoelectrica
- Foloseste efectul Seebeck
- V=aAT
- Se preteaza la medii cu diferente mari de temperatura
(>30°C)
- Conversia fotovoltaica

— Foloseste celule de siliciu pentru a transforma energia
luminoasa in energie electrica

— Randament - 10-13%

Wireless Sensor Networks in Energy Constrained
Environments

slide 12
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Energia solara este o solutie?

 Randament de conversie lumina-
electricitate foarte scazut ( < 20%
pentru celule obisnuite cu siliciu
cristalin)

* De fapt, randament ~10% pentru
celule cu siliciu amorf (100mW/cm2

la iluminare maxima sau 100uW/cm2
in interior)

‘ g9 Catedra de Calculatoare
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Conversia Fotovoltaica s S
ID Ish Rs | 7
[=1 = 1Ip=lsy ! +

R:
| = output current IL D h

|, = photogenerated current -
|, = diode current
lsy = shunt current

Jaark(V) = Jo (e% - 1)

V= V+ IRg
k Jsc
V = voltage across the output Voc = 7?'1 (efo + 1)
terminals
| = output current Iy = I, {exp [ qY} ] B 1}
R = series resistance n.k.:f
I=1I,—L{ex )4
C {Q\P [ nkl ] } Rsy

‘ Catedra de Calculatoare
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N =2
Conversia Fotovoltaica ,ﬁ@g
Parametrii ce descriu functionarea _» [
unei celule: : NG 3
* Eficienta ; ﬂ
* Densitatea curentului de
scurtcircuit ]
* Tensiunea de mers in gol Voltage
* Factorul de umplere N L\ S N N/
Frnax  JscVoc P, P,
JscVocFF
Pl

‘ Catedra de Calculatoare
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Conversia Fotovoltaica — Eficienta e
2.5 120
100 N\
2
80
15 ——27,500 lux —27500 lux
a ’ —
) e==20,000 lux % ===20000 lux
P T 60
2c:: == 10,000 lux % e 10000 lux
3 . \ e 5 000 lux a e 5000 lux
1,000 lux e 1000 lux
\\ 100 lux 40 100 lux
0.5
\ \ 20
0 T T 1 1 1 1 1 1 1 1 O T T 1 1 1 1 1 1 1 1 1 1
1 2 5 10 15 20 30 50 70 100 120 150 200 2 5 10 15 20 30 50 70 100 120 150 200

Cell Current (mA)

Current (mA)

Catedra de Calculatoare

Itatea de flut ki si Calculat
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Conversia Fotovoltaica — Profil Putere Produsa
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2.5
Exterior
2
~ 1.5
bd
(]
oo
8
°
S
3
|
0.5
0
I DI D P DI S DS
S S ISP DT SPAS S S
F TP S IS S & LS
S NN QT SRy NGNS N WAy

Time of Day

e Dayl
=== Day2
e Day3
e Day4
== Day5
e Day6
e Day7
e Day9
«==Dayl0

Cell Voltage (V)

2.5

=
wn

[any

Interior

—Dayl

10:00 -
1:00
12:00
13:00
14:00
15:00 -
16:00

i

Time of Day

Day2
=== Day3
e Day4
=== Day5
e Day6
e Day7
e Day8
= Day9

T,
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Independenta Energetica? OF Ty

200

180

160

140

120

B I[ndoor Production

Energy (J)
=
o
o

B Outdoor Production
80

1 Daily Node Consumption

60

40

1 2 3 4 5 6 7 8 9

Day

p o\_\ﬁn.,c‘
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Energia Termica

* Obiectele care au un gradient de temperatura pot genera (si)
energie electrica
Efectul Seebeck — generarea de electricitate din diferenta de

temperatura
— Ceasul ATMOS

— Seiko Thermic




g
Sc

N

Conversia Termoelectrica TR Loy

(A

oy

| v>
* Foloseste efectul Seebeck T. <
. ] _ HNEEERER =
* Tensiunea generata este direct —ﬁf g
proportionala cu diferenta de |

temperatura dintre laturile
elementului

* Se preteaza la medii cu diferente
mari de temperatura (>30C)




Generatorul Termoelectric

Embedded
Systems
Laboratory

DC

£

Heat rejected
20 mm :

Epoxy/RTV sealing layer

Electrical conductor-Copper
N-type thermoelement
P-type thermoelement

Electrical insulator-Ceramic

AT

Heat Input

V = aAT N o
Reee = 200 ()
TEG — &P A
B (ZaAT)Z Rioad
" 4Rpg
L P N
vy e e

Catedra de Calculatoare
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Generatorul Termoelectric
1200 45
40
1000 /r
35
800 30 \
— - 25
E 600 % \
5 & 20 \
400 15
d
10
200
5
0 T T T T T T T ) 0 r r r r r )
0 5 10 15 20 25 30 35 40 0 200 400 600 800 1000 1200
AT (degrees Celsius) U(mV)
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Seiko Thermic

* Primul ceas care a folosit
efectul Seebeck pentru
alimentarea proprie

* 10uA la 3V pentru diferenta
de 5 grade C

» /

D—

R i,

Booster
integrated circuit

o
o~

Arm

S
/
i/

|
ﬁiermoelectric

T modules

Adiabatic
case

TG,
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Powerwatch s S

" TUE DEC 11 AM

1]:58

14

www.powerwatch.com
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Recoltarea din Vibratii g SREEEE

— | Every movement of the wearer's
wrist makes the oscillating
weight revolve

* Ceas cu generator cinetic BRSGHSHERRSacvacS

* Rotorul poate atinge e
100.000rpm \

¢ 15.000rpm -> 6MA @ 1.6V merooons

generate a magnetic charge

2 The gear train amplifies the
speed of rotation 100 times

GENERATING UNIT

4 The generating coil block transforms

* Generator bazat pe inductie =~

5 A rechargeable cell stores generated
electricity for future use

p e nt ru I dan te ' é ( 2 OO m W) CHARGING UNIT_ “Jf::'. "4 ;

6 The circuit block regulates voltage and
amperage

7 The tuning-fork-shaped quartz crystal
oscillates 32,768 times a second
precisely and delivers a precise
electronic pulse to the circuit block

N ey
8 The circuit block transmits this precise A — . "&3
electronic pukse to the stepping motor . V /4
9 The stepping motor transforms this pulse in to rotary movement 10
10 A gear train transmits this rotary movement to the hands /”

Il The hands trn to indicate the exact time on the dal / =

Catedra de Calculatoare
ltatea de Automatica si Calculat




Recoltarea din Vibratii
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 Piezoelectric

Aplicarea de presiune
asupra materialului
produce acumularea
de sarcina.

i Vs

(7o)

* Capacitiv

Modificarea capacitatii
produce modificarea
tensiunii in circuit

/ /

© T

——

 Inductiv

Miscarea unei bobine
in camp magnetic
genereaza tensiune

rmanent
plﬁagnet, B

Catedra de Calculatoare
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Conversie capacitiva T [y
& A ) 1
C=-2 V:% E==0V
d C 2

* Proiectez un condensator care-si schimba A sau d ca raspuns la
vibratiile aplicate

* Daca Q este constant, V va creste dupa formula:

Y Y
Iylnax . ( max ( par
I/min ( min T ( par
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Tipuri de convertoare capacitive

<~ 5-10mm —>

illllllllli 100 pm

SW1 SW2
/ /
C, C,o Cotor
Vi (:) 74 — —— e | 2 Cmax + Cpar
E=— I/vin (Cmax - Cmin)
2 Cmin + Cpar
-4

Catedra de Calculatoare
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oy CE T
Convertor Capacitiv - Berkeley S o

0
57
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Conversia piezoelectrica

<y 1o 33 Mode
6 2(Y

c 11

100 Material

Polarisation

* Grinda elastica de material piezoelectric cu
0 greutate atasata la capatul mobil.

* Vibreaza cu o anumita frecventa
* Energie maxima -> frecventa de rezonanta

@Gotedm de Calculatoare
latea de Automaticn s Caleslat




Conversia Piezoelectrica O e,

AC

o~
e
S

|

I

|
W
o~
S

[l
—~
QU
o
n
<
&

szt
C pzt

d - piezoelectric strain coefficient

t - thickness of the piezoelectric material
S — strain

S - resistance to deformation (compliance) Rias
€ - dielectric constant

Y — Young Modulus

M.

E. LM

B 3YI
Jn = L3(M, + 0.24M)

@Gc!edm de Calculatoare
latea de Automaticn s Caleslat
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Conversia piezoelectrica =
Force
1 1 1/td _fVk
P =G Vopen e = 3(555) V04SN =7 / o o
' 4
s B0 i i Output
° P thed M Electrodes PléZOEleCtNC 7 Voltage Eo
e P~ A2 //Transducer & o
° P n 1/w /;t—F
 Exemplu: f=120Hz
V — 4 _ 6V Simulat\ion

P = 800uW/cm?3

microV/aits
I
—

-
Measured

0 50 100

150
kOhms

250 300

nCatedra de Calculatoare
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Structuri microscopice de grinzi piezoelectrice construite folosind tehnologia de
fabricatie a circuitelor integrate

*Frecventa de rezonanta 250-2500Hz

*Densitate de energie de 200mW/cm?3

Catedra de Calculatoare
ltatea de Alutomatica si Calculatoare




RF Harvesting

Embedded
%ﬂgﬁ%
aborator
e ”

Microwave
Energy
—>

AC
Voltage

Voltage

DC

Antenna

* Recoltarea energiei din radiatia electromagnetica

emisa de dispozitivele electronice

 Antena — tensiune alternativa indusa

» Rectificare — tensiune continua

Antenna

Transmission

line

Impedance
Matching

N~
]

Rectifier

Load

=

))))

e .

%

. >

Intentional

LI"I

Anticipated

‘ﬂ|

Unknown

Iy

Catedra de Calculatoare
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Example — PCB Antenna tuned to 2.4GHz

din(GainTotal)
2, 790604001
2.699204001

e
e % : Gain (Total)
Seracy 3000 X Sy, & 5 e
Fossredon
o
’
-5
U
1. 320904001 —~ 104
oo O
2700 00 S 15 g
£ 204
© 25
-30
-35,
o o
240 120 0
-0 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80
Angle (°)
180°
Gain (Total) Input reflection coefficient (Snn)
8 0
7 ! ! ! -2
6 ! ! ! ! -4
-6
S Z 10
c 5 £ 12
S 2 @ oqa
1 -16
0 -18
-1 -20
2 - - - - 225 23 235 24 245 25 255 26 265
2.25 2.3 2.35 2.4 2,45 2.5 2.55 2.6 2.65 Freguency (GHz)
Frequency (GHz)
— Reference impedance @ port 1 — |50Q
Peak gain @ frequency (8=0% ¢ = 0°)| —— |7.986 d5i @ 2.625 Gtz Frequancy at which 511 = -10 8 2.437 GHz
3dB beamwidth (8 =0°,90=0°) —— | indeterminate 2.461 GHz
Minimum S$11 value — | -20.47 dB @ 2.450 GHz

WTEHN,
<° %
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RF Harvesting
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Ppc

Vpe

n:

o 2
Becv. R load " Breco.

2 2
Becy. = Pr-Gr-Gg - (_)

4R

~

18 o~
y /

=
[N}

~———

Capacitor Voltage (V)

~

S
IS

i?

0

T T T T T
0:00:00 0:00:43 0:01:26 0:02:10 0:02:53 0:03:36 0:04:19

Charge Time

T T |
0:05:02 0:05:46 0:06:29

=—20cm
—25cm
=—30cm
——40cm
~——50cm

~——60cm

Power (pW)

80

70

60

9
S

N
o

w
o

20

10

—FC1

AAAY

T
10

T
20

:
30 40 50 60
Distance (cm)

RLoap
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Energy Harvesting -Modelare matematica

5

e Sistemul Embedded

— Sistem inchis
— Producatori (Ps) si consumatori (Pc) de energie

e Excesul de energie pentru un dispozitivla momentul t
t
B = | (B0 - Ro)at
0
e Sistemul este independent d.p.d.v. energetic daca

E(t) =0Vt=0

slide 37
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Cazuri speciale HRE .

* Harvester fara stocare de energie
F(t) = F.(1)

e Harvester cu mediu de stocare ideal

T

T
f F.(t)dt =f P.(t)dt + By VT € [0,0)
0 0

e Harvester cu mediu de stocare ne-ideal
T T T
By + 'nfo [Ps(t)—P,;(t)]‘”dt—f0 [P-(t) —Ps(t)]*'dt—jo P (t)dt =0 VT € [0,00) (1)

T T T
By + 7 fo [P.(t) — Po()]*dt — fo [P (6) — Ps(£)]*dt — fo Prae(Ddt < B VT € [0,00) (2)

slide 38
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m EC :\% SI_LJaSbtc? rin aStorg
Rafinare e
o .o . T+t
Functii (p, 05, 0,): pT — oy ;f P(t)dt = pT + oy
* Ps(t) =f(py, 04, 0,); Pc(t) = f(p,, 03, 04)
e Tnlocuind in (1) si (2), obtinem:
By + n-(piT +01) — (02T — 04) — preaxT =B
By + n-(p1iT —03) — (02T + 03) — preaxT = 0
e Conditii limita
~T=0
By =n-0,+0
0=1"927093 , = B=n-(op+0y)+03 —0y
Bo+n'01—04 EB
NP1~ Preak = P2
NP1~ Pleak = P2
slide 39
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Evaluarea Surselor de Energie Regenerabild  ZHOE T,

A
. Harvesting Technology Power Density
Randamentul a trei metode de Solar Cells(outdoors at noon) 15mW/cm?
energy harvesting a fost evaluat Piezoelectric (shoe inserts) 330uW/cm?
expe rimental Vibration(microwave oven) 116uW/cm?
Fotovoltaic Thermoelectric(10°C) 40uW/cm3
Termoelectric Acoustic noise (100dB) 960nW/cm?
*Piezoelectric o
14
Metrica — densitatea de energie B
~
% 10
Recoltarea fotovoltaica a da cele mai bune rezultate Z s
o 6
Atunci cand nu este disponibila, celelalte metode potfi 2,
implementate - .
0 . |
Solar Cell Solar Cell Piezoelectric Thermoelectric Acoustic Noise

(outside) (Indoors)

slide 40
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Medii pentru stocarea energiei = Sl
Acumulatori > | | | - "
* Tehnologie matura 3+ 7 |
* Stocheaza sarcina electrica electrochimic .
* Pret scazut si disponibilitate mare 25r §
* Folosite pe scara largd in WSN N e
» Timpi mari de incircare g2 2 | |
* Se degradeaza odata cu trecerea timpului < 15 o |
e Au un numar finit de cicli incarcare/descarcare § I — /://“’5 - \\‘
> 1£ ‘ ’//,f/f }{ _
///
osr \ -
Supercondensatoare - |
* Tehnologie emergenta o—/ ;ga;:rdamd :
* Stocheaza sarcina electrostatic, sub forma de ioni 20 mAh battery
* Capacitati foarte mari (1F-1000F) 055 0 20 0 20 100 120
* Timpi redusi de incarcare si descarcare Time (mmin)
* Nu se degradeaza cu trecerea timpului Folosirea celulelor electrochimice nu este optima
* Pret (mai) ridicat pentru aplicatiile loT
c Catedra de Calculatoare slide 41
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Stocarea energlel %}JJL‘JKL‘\ Laboratory

1000
5 Fuel cell
c 100 | - Conventional
% batteries 1 hour 1 second
> 10 _ .
& |
= 10 hours | ‘
(D) 1 - 4
©
> 0.03 second
E 0.1 | C i

d

= o

0.01

10 100 1000 10000
Power density (W/kQ)

Catedra de Calculatoare
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Condensatoare R (.

Electrostatic Electrolytic Electrochemical double-layer
< d > d dx d
A
+ e -

-B+

E|ectrode / \Separator

Activated carbon

Catedra de Calculatoare
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Supercondensatoare

Graphene Graphite

> _—==—===—=—===.
% Multi-layered
7

e Dielectric
— Carbon activat

Rolled up
Rolled up
—

— Grafen
— Nanotuburi

Single-walled Multi-walled
carbon nanotube carbon nanotubes
(MWCNT)

(SWCNT)

— Aerogel

‘ Catedra de Calculatoare
acultatea de lutomatica si Calculatoare
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Re
— A
A ‘/2 Co ’
C = 808.,.5 Pnax = E Rs m
S vV V'V
Cv

e (Capacitate suplimentara ce depinde de tensiunea de alimentare

dQ _d(ev) d(COV+KVV2)

() = dt dt

—C+2KVdV
= (Co+ 2Ky V) —

E(WV) = fP(V)dV = (Co +EKVV)V—2

@coledm de Calculatoare
ltatea de Alutomatica si Calculatoare
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Supercondensatoare
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Medii de stocare

ﬂ:/ Embedded

Systems
Laboratory

* Baterii

+

+

+

Cost redus

Densitate mare de energie
Tehnologie sigura si testata in timp
Diferite regimuri de incarcare

Cicli de incarcare redusi

Curent de leakage

* Supercondensatoare

+

+

+

Circuite de Incarcare simple

Densitate de energie mare (< baterii)
Numar foarte mare de cicli de incarcare
Cost mare

Curent de leakage

Tensiune de operare mica

* Hibrizi baterie-condensator

Lithium-ion capacitor
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E H ting S Nod SOR TiEE
Ve N oratlory
nergy Harvesting sensor Node TS
PV panel Energy RF
20F Supercap with DC/DC HaCr\i/riitiltng Controller Transceiver
Energy
converter Source
Sensor Interface
PV or TEG _ Sparrow WSN |
Voltage Input
HOL Low Power
Management and ; Zigbee Radio
. Microcontroller :
Energy Harvesting (Atmega1281) Transceiver
Circuitry g
|

Wi :

Sparrow Node

Battery Pack

Peripherics and
Programming
Interface

MTEHN,
0! q
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Embedded
‘ Systems

Laboratory

Independenta energetica

Este posibil ca un nod senzorial sa fie independent din punct de vedere energetic?
Experiment:

» Nod senzorial Sparrow

» Panou fotovoltaic 5V 200mA

» Condensator de 1F

» 1% duty cycle

—Capacitor Voltage —Solar Panel Output
s AN N P~ i
N ~ N A
e Y o Y

15

Voltage (V)

Time of Day
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