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Outline

A Introduction to power management for energy
harvesting and environmental energy sources

A Techniques and design trade-offs in power
management circuits

A Evolution and trends in power management
circuits
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Introduction to energy
harvesting
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Market Trends

A The energy harvesting market is growing slower than predicted
i Power from miniature source is actually very low, in the order of pW
I Larger batteries are still cheaper than energy transducers

I Applications and circuits (sensors, RF transceivers, power converters, etc.)
are thought for operating with batteries and not in extreme power- and
voltage- constrained scenarios
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500 . LONDON—AIthough energy harvesting has failed to take off to date — usually
. . . because it is has been uneconomic compared with installed battery power — it
0+ — — will drive semiconductor sales worth $3 billion in 2020, according to Semico
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Research (Phoenix, Ariz.).
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This drive will be from values of about $200 million and 40 million units shipped
in 2015.

IDTechEx, Energy Harvesting Europe 2010 EETimes, 2016
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The Bad

Energy Storage
Sources Projections
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AGeneods | aw does not apply to anal og s

AEnergy storage density increases only ~1.5x/decade (~1.04x/year)

Energy autonomous systems: future trends in
devices, technology, systems, CATRENE Working
Group on Energy Autonomous Systems, 2009
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The Good

POWGI” DiSSipation G. Frantz, Digital signal processor

1,000 trends, IEEE Micro, vol. 20, no. 6,
pp.52-59, 2000
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(G. Frantz, SoC in the new Paradigm of IC technology, IEEE Consumer
Electronics Society i Dallas Chapter, Aug 2008)

The energy per bit per computation decreases according to the technology trend
(Geneds | aw: energy/ bit ~1.
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Components of an
Energy Autonomous System

A Energy generation:

I Energy Harvesting: Atransducerso making ener
sources of energy

i Energy Storage: Any kind of energy storage element that could be used to accumulate
energy in excess from the harvester (e.g. batteries, (super)capacitors, etc.)

A Energy conversion, management and distribution.

i any energy conversion system that trades and optimizes the energy flow from the Energy
Generation block, to the user load, from/to the energy storage

A Energy Consumption
i Data acquisition, elaboration, storage and transmission.
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Energy harvesting: what applications?

Smart clothing: N
M.Dini et al., A fully
A small wearable antenna autonomous integrated

RF energy harvesting

collects energy from system for wearable
. applications, EUMW
electromagnetlc waves 2013

Body-powered devices:
Battery can be replaced with
PV cells, thermoelectric Hoof, . Viers,

Thermoelectric and

generators that harvests rybrid generators in

wearable devices

energy from light and human 35 5ores ssn

2009, 6th Workshop

bOdy heat- on Body Sensor

Networks,

Smart shoes:
. . . Schenk, J.
Vibrations can be used i thergy

for powering small choemounted
systems such as e voloe o,

2001

wireless pedometer.

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA + CAMPUS DI CESENA




Energy harvesting: what applications?

A Smart home/cities/objects -E—ooRﬁi:Ei
A 6Trueo -of-Thingsr net o. THINGS =

A Roadmap towards trillion (connected) @i*w%@
sensors A T h éAbubddanced

100,000,000,000,000
]
10,000,000,000,000
A - wnw% 1,000,000,000,000
HVAC Control — S | Thermostat
e B - {ﬂ I " 1] ] .
o g 100,000,000,000
\ - - - i ~
| Energy Msnggement \lll:“ﬂ"n( G:}!EVJ ‘ e | A §
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o " NP A QCOM Swarm Lab, UCB
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[ Set-TopBox | 1,000,000000 & ®  Hewlett-Packard
" "ome Coqtmﬁ sox': Environmental Monitoring "VV ® Intel
~ B Tlinternetdevices
100,000,000 ——Y0le MEMS Forecast, 2012
wTSensors Bryzek's Vision
10 year slope
10,000,000 = Mobile Sensors Explosion

2007 2012 2017 2022 2027 2032 2037

J. Bryzek, Emergence of Trillion Sensors
Movement, IEEE MEMS, 2014
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A Perpetuum( energy harvester
I Frequency tuned on mains frequency 50/60 Hz BW<1Hz
I Output power up to 20 mW
I Diameter: 68 mm, height: 63.3 mm

3 [1] Perpetuum Ltd.,
http://www.perpetuum.com

A Enocean motion energy
harvester!?]

[2] Enocean, PTM200 Datasheet,
http://www.enocean.com

[3] S. Kulkarni et al., Design,
fabrication and test of integrated

I Used for wireless light switches

T Dimensions: 29 x 19x 7 mm?3 micro-scale vibration-based
- electromagnetic generator,

1 Energy output: 200 IJ_J @2V s Sensors and Actuators A, vol.

145, 2008 (Tyndall Institute, Univ.
Southampton)

A MEMS realizationsl!
I 0.1 cm3volume
I 23 nW output power @1g @9.83 kHz
I electrodeposited copper coll
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Piezoelectric transducers

A Common materials:

I PZT (Lead Zirconate Titanate) is a ceramic material with a high coupling coefficient k.
The material is rigid, fragile, and contains lead.

i PVDF (Polyvinylidene fluorid) is a polymeric material with a lower k. | t ndrstoxic,
bendable and can resist high shocks or impacts.

A Typical frequencies: from few to hundreds Hz BIEZO SYSTEMS

Commercial piezoelectric transducers i -\
Transducer Material CapaC|tance2|oer e
area [F/cm?]

PSI-5A4E

PIEZO SYSTEMS

i 2
Q220-A4-503YB Ceramic 12.2 nF/cm
material
MIDE VOLTURE V25W Ceramic 8.56 nF/cm?
material
MEAS - SPEC. Meas-spec )
DT SERIES PIEZO (DT1-028K)  piezofilm  So0 PF/em
MEAS - SPEC. MiniSense 100 PVDF 254 pFlcm?
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RF Energy Harvesting

A RF carriers can be rectified in order to store locally energy
I Rectenna = rectifying antenna
I Matching network must be designed according to the expected

iInput power
®) ! om T 50
rectifier 09
m in 0.8 + 40
L s S L
L uput . GSM1800 30 5
—T— capacitor 5
20 =
ST ST R
. ‘g . 10
A Simplified representation: _
+0
0 25 50 75 100 125 150 175 200 225 250
T~ several k q Tegcr (LA)
\ typically few V-l and P-I transfer characteristics

° hundreds mV
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Micro-Thermoelectric Generators

qol is the temperature difference between
hot side (T,) and cold side (T).

* Temperature difference between hot side S

and ambient temperature. Micrope‘ﬂl‘f"‘\%i = GreenTEG
Puax [W] Power
Manufacturer - Product (matched density Process
load) [W/cm3/K]
o jerodnanis:  Whosher i@ MOS8 Taks  sund
Cojemodnamess | WA0d0 GU@ 2726 4ses  Sundae
Nextreme - PG8005/6 WHLIL 2102 ;'Ti%g( ;ﬁiﬁ 2.07e-2 Thin film
Micropelt - MPG-D751 thzfi?g§'35 (qzofi33(§?< 1;?;%? 2.96e-2 Thin film
GreenTEG i gTEG B* lel:lzg:éf'l 203327% 1(170.?:367&@ 1.51e-4 Thin film
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Photovoltaic Energy Harvesting

25°C
FL200Lux

Miniature commercial devices and emerging technologies

£n

—
=

A Sanyo amorphous silicon PV cells (e.g. AM1407)
T Optimized for indoor fluorescent light (40-1000 Lux)
i Output power (AM-1407) & 1 &A0(indoor FL light, 240 Lux) %

Current [uf/cm’]
&

L=]

0.2 04 0.6

=

Voltage [V/call]

A Ixys© PV module in tiny SMD packages (e.g. CPC1822)
i Output power & 1 @A0at direct sunlight (6000 Lux) dP SZ

A DSSC - Dye synthesized solar cell [1]
T Photoelectrochemical system (no silicon) i
i Can be flexible and transparent equivalent circuit
i Growing efficiency (up to 15% [2])

Sanyo AM1407

CPC1822

[1] Hardin, Brian E., Henry J. Snaith, and Michael D. McGehee.
"The renaissance of dye-sensitized solar cells." Nature

Photonics 6.3 (2012): 162-169.

[2] Burschka, Julian, et al. "Sequential deposition as a route to
high-performance perovskite-sensitized solar cells." Nature (2013).
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Towards MEMS Energy Harvesters

A The current trend is to further shrink down energy
transducers thanks to MEMS technologies or wafer-level
processing (output power also scales!)

Electromagnetic Piezoelectric Thermoelectric
0.1 criy 23nW@1g@9.83 kHz 200nW@0.5g @400 Hz 6-20mVK, 210W
electrodepositedppecoill 16 mrf depositedIN 39 mm 816uW@1K
S.Kulkarret al. Sensorand J. lannaceit al. Microsystem thin filnsemiconductor,
Actuators A, vol. 14608 Technologies, vol. 20, 2014thermallgonductivalN
(Tyndalinstitute, Univ. Southamptoiil-BK, DeltinivTechMunich ceramics
UnivTech) LairdTechnologies

eTEG
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Current and Future Power Sources

solar panels, micro wind turbines,
miniature mechanical generators
(consolidated)

100 mW
10 mW
1 mwW
100 pW
10 pW
1 uw
100 nW
10 nW
1 nW

cm-sized energy harvesting
transducers: piezoelectric,
electromagnetic, thermoelectric, RF,
small-sized PV
(present)

MEMS devices, CMOS on-chip
photodiodes, microfabricated
thermoelectrics (mm-sized devices)
(near future)

bio-potentials, heart beat,
nanowires (piezo, PV, thermal)
(future?)
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Techniques and design trade-offs for power
management circuits

Maximizing the
extracted power
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Maximum Power Transfer

source impedance

Zs

+ load V
VO <_> impedance ZL L

A The theorem of maximum power transfer states that the power
transferred to a load is maximized when Z, =Z*

I where Zg =Rg + X is the source impedance and Z, = R, + jX_ is the load
impedance

A For a linear source:
iV, =V,/2
i P =V_2/R_ = Vg2/4R,

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA + CAMPUS DI CESENA




Power Transfer Characteristics

A The I-V curves are a convenient way to describe the properties of a source in view of
the design of the power converter

i All curves combining two parameters among (P, V, I, R)) are equivalent: P=VI, V=R,
A For alinear load, the MPP is located at 50% of V,,
A For a PV cell, the MPP is located around 70-80% of V,,

I-V and P-V I-V and P-V
curves for : curves for a > v
linear sources P 50%V, Vo PV source

>V >V

A In order to extract all the available power, a power converter should draw from the
source a current that keeps the actual voltage in proximity of the MPP

A 1-V curves are also useful to estimate other features of the source (e.g. rise time, etc.)
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MPPT for DC sources

A POUT depends on both the

source condition and on the T T v
output current, and é SPE @ o] " ,L
A é y e shereis a maximum! Vop 7 VRer
(MPP). i . - Orer
VREF—> SAMPLE
A Fractional open-circuit Sampling —
VOltage MPPT tEChanue (FOCV) Open CIFCUI'[ SAMPLE sample and hold
good compromise between power voltage \
spent and extracted o /
i For each type of source the MPP roughly ' / \ Optimum voltage
occurs when the source voltage equals a 0.25¢
fixed fraction of the open-circuit voltage s
(e.g. 75% for PV, 50% for linear sources) &
i A DC/DC converter can switch so as to §
keep the source around this voltage
i The reference voltage should be V|N V
periodically refreshed based on OCV 00T Energy_ REE
I éy e $ tsabsptimal but consumes little 0 o022 o e?)(;[ga%tzl8ono'3 032 034 036
energy ; ; : : = : ; .

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA + CAMPUS DI CESENA




Piezoelectric Sources

A Let us now consider the simplified equivalent circuit of a piezoelectric transducer

A A rectifier is the simplest circuit for extracting power, but has limited and variable
efficiency

A If we apply the matched load (i.e., an unrealistically big L), power would seem to
be infinite (ideal voltage source)!

I NOTE: some parameters were neglected (series resistance, electromechanical
parameters, etc.). However, much higher power might still be available

CP | | Vo, oo 0.6 efficiency C,=50nF, G=10pF,L=10mH

| ° .\ vcwﬁijgzﬁcou 0al

Vool |woy A4 ]

7
* 0
simplified equivalent power transfer "0 0.2
circuit characteristics
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Synchronous Electric Charge Extraction for
AC Piezoelectric Sources

A Piezo transducers are (low-frequency) AC sources with maximum energy
achieved only twice per period
A

Synchronous Electric Charge Extraction (SECE) technique: Two

resonant circuits can be used used to remove charge from the transducer:
L-Cp and L-C,

A Electrical charge is extracted in correspondence of maximum and minimum
voltages A very low duty cycle (< 1%) A very low consumed energy

phase 1: charge extraction, energy stored in L, until Vg(t)=0

charge {7 , el VR oo L0 Vol

energy T L Vel e Vel L i Vot
storage | [ ! | 5 T
o[ | g —=
TG : 1 %o

I J s



