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Outline

 Introduction to energy harvesting

« Types of energy transducers

« Techniques and design trade-offs in power management
circuits

— Maximizing harvested power: DC sources, Piezo sources, Multi-
source configurations, Ultra-low Voltage Sources

— Reducing the intrinsic Power

« Evolution and trends in power management circuits



Introduction to energy
harvesting
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Market Trends

« The energy harvesting market is growing slower than predicted
— Power from miniature source is actually very low, in the order of yW

— Batteries are still cheaper than energy transducers

— Applications and circuits (sensors, RF transceivers, power converters, etc.)
are conceived for operating with batteries and not in extreme
power- and voltage- constrained scenarios

-
IDTechEx B et EE I Imes

Value of EH devices by application

5000 wOther+ Nows A Aradyan
1 OHealthcare# i
.y ity and serospac oxcing WON Chips for Energy Harvesting: The
Next Billion-Dollar Market

3500 - Wireless sensor mesh networks
® Other portable consumer electronics~

3000 - P s -
2 Mobile phones

?500 1 = Laptops and e-books
@
9000 4 m Bicycle dynamo

] = Wristwatches l H m m m

B0ther Industrial®

2500
o

1000 -
ool E 1111 et e el b Uy
DOCEAN T B Pam e - roe oW e -
Q | == e - — — === == B
= " - . st s ’ »

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 R et I

V.

IDTechEx, Energy Harvesting Europe 2010 | EETimes, 2016



The Bad

Energy Storage
Sources Projections
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» Gene’s law does not apply to analog sensing and transmission (slower decrease)

» Energy 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

G. Frantz, Digital signal processor
trends, IEEE Micro, vol. 20, no. 6,
pp.52-59, 2000

1 Gene's Law: Gene’s Law
Power
dissipation DSP Power

will decrease o
by half every | Mobile Phone
18 months DAY

0.01

mW/MMACs

0.001

0.0001

0.00001

1982 Year 2010

(G. Frantz, SoC in the new Paradigm of IC technology, IEEE Consumer
Electronics Society — Dallas Chapter, Aug 2008)

The energy per bit per computation decreases according to the technology trend
(Gene’s law: energy/bit ~1.6x/year)



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

electromagnetic waves 2013

Body-powered devices:
Battery can be replaced with

PV cells, thermoelectric Hoor R Viers,
generators that harvests b conemiore i

wearable devices

energy from light and human % nes ssn
body heat. on Body Sensor

Networks,

Smart shoes:
& : : N. Schenk, J.
—. Vibrations can be used .., Energy

scavenging with
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« Smart home/cities/objects w Bt WY
, , : %4 INTERNETof "

* ‘True’ Internet-of-Things o, THINGS ..

« Roadmap towards trillion (connected) “ae=8Y

sensors = The ‘Abundance’
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J. Bryzek, Emergence of Trillion Sensors
Movement, IEEE MEMS, 2014
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Energy harvesting: what applications?

 Industrial machinery

« ‘Smart’ rotating parts
— Reliability / monitoring
— Improved control

 |naccessible sensor nodes
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Review of main energy
transducer types
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Perpetuuml'l energy harvester

— Frequency tuned on mains frequency 50/60 Hz BW<1Hz
— Qutput power up to 20 mW

— Diameter: 68 mm, height: 63.3 mm

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

Enocean motion energy
harvesterf?]

— Used for wireless light switches
— Dimensions: 29 x 19 x 7 mm3
— Energy output: 200 ud @2V

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

[3] S. Kulkarni et al., Design,
fabrication and test of integrated
micro-scale vibration-based
electromagnetic generator,
Sensors and Actuators A, vol.
145, 2008 (Tyndall Institute, Univ.
Southampton)

MEMS realizations!?!
— 0.1 cm3 volume
— 23 nW output power @1g @9.83 kHz
— electrodeposited copper coll
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Plezoelectric transducers

Common materials:

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

— PVDF (Polyvinylidene fluorid) is a polymeric material with a lower k. It’s non-toxic,
bendable and can resist high shocks or impacts.

Typical frequencies: from few to hundreds Hz PIEZO SYSTEMS

Commercial piezoelectric transducers

. Capacitance per | o

Transducer Material area [Flcm?]

PSI-5A4E
PIEZO SYSTEMS . ,
Q220-A4-503YB Ceramic 12.2 nF/cm - MIDE

material s, -
LA YN
Ceramic _—

2
MIDE VOLTURE V25W material 8.56 nF/cm

MEAS-SPEC 9
2,
DT SERIES PIEZO (DT1-028K)  piezo film 380 pF/cm S

MEAS - SPEC. Meas-spec
MEAS - SPEC. MiniSense 100 PVDF 254 pF/cm? MEAS-SPEC (PVDF) \&/




RF Energy Harvesting

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

input power
(b) 1 om :_ 50
rectifier 0.9
" 0.8 1 40
L nachon || o s
—— output Z 06 GSM1800 T30 E_
—r— capacitor é 0.5 - 5
= 04 T20
/777 ST7T7 03 A
. . . 0.2 - 10
« Simplified representation: 01 ]
0?'.““1““1““1““1““1““1““1““1““1‘ _0
\ 0 25 50 75 100 125 150 175 200 225 250
several kQ Igecr (MA)
\ typically few V-l and P-I transfer characteristics

° hundreds mV



AT is the temperature difference between
hot side (Ty) and cold side (T;).

* Temperature difference between hot side

and ambient temperature. Micropéjf*a !

Manufacturer - Product

Eu. Thermodynamics - WxL=54x57

GM200-449-10-12

Eu. Thermodynamics -
GM200-127-10-15

WxL=30x30

Nextreme - PG8005/6 WxL=11.2x10.2

Micropelt - MPG-D751 Wl =4.2x3.35

GreenTEG — gTEG B* WxL=r.1x7.1

~_

Vour [V]

(matched

load)
1.4 @

AT=170K

4.14 @

AT=170K

0.85 @
AT=50K

233 @
AT=30K

0.388 @
AT=37K

GreenTEG

Puax [W]
(matched

load)

14.6 @
AT=170K

2.72 @
AT=170K

013 @
AT=50K

13.6e-3 @
AT=30K

178e-6 @
AT=37K

density
[W/cm3/K]

Process

Standard

Standard

Thin film

Thin film

Thin film
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Photovoltaic Energy Harvesting

_25°C

Miniature commercial devices and emerging technologies FL200Lux

L)

o

« Sanyo amorphous silicon PV cells (e.g. AM1407)
— Optimized for indoor fluorescent light (40-1000 Lux)
— Output power (AM-1407) = 100 yW (indoor FL light, 240 Lux) é

Current [uA/cm’]

o

0 02 04 06
Voltage [V/cell]

* Ixys© PV module in tiny SMD packages (e.g. CPC1822)
— Output power = 100 pyW at direct sunlight (6000 Lux) d:) SZ

« DSSC - Dye synthesized solar cell [l

— Photoelectrochemical system (no silicon) o
— Can be flexible and transparent equivalent circuit
— Growing efficiency (up to 15% [2]) £

Sanyo AM1407 ' O———

L W‘M«neﬂmh-m-]

Oectroagy

[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).




* 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 cm?3, 23 nW @19 @9.83 kHz 200 nW @0.5g @400 Hz 6-20 mV/K, 2-10 Q
electrodeposited copper coll 16 mm?2, deposited AIN 3-9 mm?, 8-16 uW @1K
S. Kulkarni et al., Sensors and J. lannacci et al., Microsystem thin film semiconductor,
Actuators A, vol. 145, 2008 Technologies, vol. 20, 2014 thermally conductive AIN
(Tyndall Institute, Univ. Southampton)  (FBK, Delft Univ. Tech, Munich ceramics
Univ. Tech.) Laird Technologies

eTEG



Imaging Cube Temperature Cube Pressure Cube

= Redefining Ultra-
| Low Power.

University of Michigan prochasar Radio i
versity of Mich s s 1 et Enabling perpetual
. " vereamranime — COMPUTING.

CubeWorks" sensing systems average a
record-setting 8 nW power draw in standby
mode. Under indoor ambient light, cur
patented energy harvester generates 10 nW
from 1 mm? solar cell, facilitating perpetual

Harvester Sensor

- Charge secondary battery - CODC Converter lifetime of sensor operation.
~ Cold starts dead systems - Pressure & Temperature
- Overcha protection  « B-bit ADC
s http://cubeworks.us/

htts://www.eecs.umich.edu/eecs/abouarticles/2015/Wor|ds-SmaIIest-Comuter-Michian-Micro-Mote.htmI
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https://www.eecs.umich.edu/eecs/about/articles/2015/Worlds-Smallest-Computer-Michigan-Micro-Mote.html

A Current and Future Power Sources

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

100 mW
10 mW

1 mW
100 yW

10 yW
1 yW ere. MEMS devices, CMOS on-chip
' photodiodes, microfabricated
100 nW thermoelectrics (mm-sized devices)
10 W (near future)
1 nW

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

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

Maximizing the
harvested power
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Maximum Power Transfer

source impedance

Zs

+ load V
Vo <_> impedance ZL L

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

— where Zs =Rg + jXg is the source impedance and Z, = R, + jX_ is the load
impedance

 For alinear source:
— VL = VO /2
— PL=VL2/RL= V02/4R|_
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Power Transfer Characteristics

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

— All curves combining two parameters among (P, V, |, R)) are equivalent: P=VI, V=R
— NOTE: reactive components are not accounted for, these are DC transfer characteristics

« For alinear load, the MPP is located at 50% of V,,
 ForaPV cell, the MPP is located around 70-80% of V

I
A A
lec lcc
I-V and P-V I-V and P-V
curves for curves for a
» v - » v
linear sources P;VI 50% Vo, Vo PV source P=VI 75% Vo v,

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

« |-V curves are also useful to estimate other features of the source (e.g. rise time, etc.)



-

Pout depends on both the

Viay s
source condition and on the N
output current, and...
...yes, there is a maximum!
(MPP).
Vaes

Fractional open-circuit

voltage MPPT technique (FOCV):
good compromise between power
spent and extracted

For each type of source the MPP roughly
occurs when the source voltage equals a
fixed fraction of the open-circuit voltage

(e.g. 75% for PV, 50% for linear sources)

A DC/DC converter can switch so as to
keep the source around this voltage

The reference voltage should be
periodically refreshed based on OCV

...yes, it's suboptimal but consumes little
energy

P
'

.
-
-

-

SAMPLE
Vn

w

-

{=

- o

K OO0 ouT
0000
',,'._“ .-.. V|N
<P " han Faab 3 §
0 < |y VREF
¢ Dboost é li@ _LCREF
converter
}_L* SAMPLE
Samplin i
P . g ., SAMPLE ‘t sample and hold
open circuit
voltage

¥

Optimum voltage

Voc
= VRer

= Energy

extraction



Piezoelectric Sources

* Let us now consider the simplified equivalent circuit of a piezoelectric transducer
« If we apply the matched load (i.e., an unrealistically big L), power would seem to
become infinite (ideal voltage source)!

— NOTE: some parameters were neglected (series resistance, electromechanical parameters,
etc.). However, much higher power might still be available than with a purely resistive load.

» A rectifier is the simplest circuit for extracting power, but
— has limited and variable efficiency that depends on the state of the output and of input vibration
— Does not perform any cancellation of the capacitive reactance of the source

0.6 efficiency Cp=50nF, Co=10pF,L=10mH,
| | " R=10Q,Vp=5V,

Vo IlLoap ' vy=0

| | "4 14 /I\ ;90_4_04
C)vpo Vo () (% z}x U02

T . .
0 A ' i A i At
simplified equivalent power transfer 0 02 04 06 08 1
circuit characteristics VON -




Rectifiers

I
>
« With a rectifier the input voltage Piezo )S }S 4
amplitude V(t) in every period — | R
gets clamped to the current value A N — be
Vpc of the output node (C, >> Cp) 1 A A
» The rectifier stops conducting in
correspondence of elongation ut

peaks (i.e. when the piezoelectric .
current changes its sign) “ \_/

* As Vpc gets progressively | ’
charged, the conduction angle
decreases —> less power is
harvested per cycle

« Usually, the voltage drop through ;4

the rectifier is relevant
0 |\ ! I\

\

E. Lefeuvre, et al., “A comparison between several vibration-powered
piezoelectric generators for standalone systems,” Sensors Actuators A, 2006.



« Synchronized-Switch Harvesting >
on Inductor (SSHI) consists in: - \ é : g& A

R,

— an inductor L in series with an
electronic switch connected in v
parallel with the piezoelectric — ‘
element /s JAN

— The electronic switch is briefly
turned on when the ot
mechanical displacement , o 772
reaches a maximum or a " 2 '
minimum (i.e. when the
rectifier stops conducting) :

— The switch is turned off after

a half electrical period, resulting
in a quasi-instantaneous

/.
‘IJ('

.

inversion of V. '?
* The rectifier is conducting most —\f .
of the time!

* Many va ”a_tlor_]s have been E. Lefeuvre, et al., “A comparison between several vibration-powered
prese nted in literature piezoelectric generators for standalone systems,” Sensors Actuators A, 2006.



I I
> »-
Piezo }X g& 4 Piezo 4 ZS R ¢
L L
C, R,
V —— Voe
PN M\ -1
VANIVAN

&
-

Foe

E. Lefeuvre, et al., “A comparison between several vibration-powered
piezoelectric generators for standalone systems,” Sensors Actuators A, 2006.
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Synchronous Electric Charge Extraction for
AC Piezoelectric Sources

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

« Synchronous Electric Charge Extraction (SECE) technique: Two resonant circuits
can be used used to remove charge from the transducer: L-Cp and L-Cg

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

« Source and load are uncoupled = suitable for irregular vibrations

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

................ i (t
~ __, charge [ 0 £ RO L s, Y0
_ >t extraction'a—_§|:| T § i T
A Vi (1), rectified PT voltage i ==C 2 T¢
/ 'j;P.. """" 17 A4 §
/)t
AiL()
\ \ energy
>t storage
AVt
Ja—
>t
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Efficiency of SECE

SECE uncouples the source from the load —> efficiency almost constant

It converts energy only when available (tracks maxima) = suitable for
irregular vibrations

The peak-to-peak voltage on the transducer gets doubled = Energy
per cycle increases

Phase 1 has constant duration and then constant efficiency
Phase 2 has variable duration - variable efficiency

The rectifier interface

0.8
is outperformed
>
goe by SECE
& 0.4 (when electromechanical
()]

coupling is low)

©
N

(=}
—~

A. Romani et al., Micropower design of a fully
. . L autonomous energy harvesting circuit for arrays of
1.4 1.6 1.8 2 piezoelectric transducers, IEEE Trans. Power

Electron., 2014

o
ol
(N}
=)
»



Synchronous Electric Charge Extraction for
AC Piezoelectric Sources — Drawbacks

In AC, SECE applies a periodic series of current pulses to the transducer

The first harmonic of current drawn from the transducer depends on
frequency, on capacitance of transducer and on the actual voltage amplitude

I(t)=CPV;- E [5(r—§—jT)—6(r+§—jT) ,

\ -
-~ - -~ -
v/ 4 7

'J' 1

1=y iy | 2
n=0

sin(2ﬂ(2n ; 1)1) . : "
- _

—
>
—

[()=4f-CpVp sinQ2m fi),

Damping may arise in transducers Y l 1
unless electromechanical coupling

is negligible (piezo transducers also
behave like actuators) A. Romani et al., IEEE Sensors J., 2013



SECE with Residual Charge Inversion

Rectifiers used for
SECE have a threshold full bridge rectifier

voltage - voltage drops (2

or residual charge left W . at . el
on the transducer at the vp(z)] \ / z:z |
end of every energy & SV SO )
transfer cause lower oG =T

amplitudes of b Vet

piezoelectric voltage | rnn
1

SECE may be combined Vp{t)I -

with the advantages == 1 L%UL ;-

offered by voltage

negative voltage converter

flipping

M. Dini, A. Romani, M. Filippi, and M. Tartagni, “A Nanopower Synchronous
Charge Extractor IC for Low-Voltage Piezoelectric Energy Harvesting With
Residual Charge Inversion,” IEEE Trans. Power Electron., vol. 31, no. 2, pp.
1263-1274, Feb. 2016.

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA + CAMPUS DI CESENA 31



« A voltage flipping circuit I [ I VRO y 5
can be added in parallel W —lTMp, Mp;_l‘ ,_IJ_L_ ’ .L,?:) T Vet
to the transducer Vp(t)T VRO . » Mou :"

« At the end of every =gl
energy transfer the Bm:i 1 A 1»4.“
residual voltage Vi is a0 b4
flipped to —Vgr oviAL]

« —Vg becomes the new 0y i |
starting point for the next g:/,[ cr]
peak-to-peak elongation o

 As a consequence the
rectified voltage reaches
VR + Vpp = iVy2Vp, 53V

 The harvested power
increases of ~60% with

input voltages in the order
. . M. Dini, A. Romani, M. Filippi, and M. Tartagni, “A Nanopower Synchronous Charge
Of 1 V Wlth typlCa| Extractor IC for Low-Voltage Piezoelectric Energy Harvesting With Residual Charge
Inversion,” IEEE Trans. Power Electron., vol. 31, no. 2, pp. 1263—1274, Feb. 2016.
components PP

time [ms]
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Multi-Source Harvesting

« Combining the power generated by multiple transducers is strategic in many
applications

» The simplest technique is the so-called 'Power OR-ing', which can be easily applied
to DC voltages and to piezoelectric transducers,

« The main drawback is efficiency: different sources are not likely to operate in the
MPP at the same time given that they share the same loading condition

' c D1
i 2
Vp1
D, Vgr to Load o ,
Transducer » Converter g 1 —»
- - o Ea
N = = ' & — >
[— T T T ————=o7 1 Dn ' ICST e -W~ | ] 5 cot | v
1| Transducer » Converter —lf—N—‘ — Rp2 - T‘ 1 ik
o e s e e e i s G T e . -
Single-source Energy Harvester )
—t
M. Dini, A. Romani, M. Filippi, V. Bottarel, G. Ricotti, and M. Tartagni, “A Nano-current | cp3 HLC X ﬁf
Power Management IC for Multiple Heterogeneous Energy Harvesting Sources,” IEEE v % L
Trans. Power Electron., vol. 30, no. 10, pp. 5665-5680, 2015. P Vs o
Rp3

M. Ferrari, V. Ferrari, M. Guizzetti, D. Marioli, and A. Taroni, “Piezoelectric
multifrequency energy converter for power harvesting in autonomous microsystems,”
Sensors Actuators A Phys., vol. 142, no. 1, pp. 329—-335, Mar. 2008.



Multi-Source Harvesting

« Micro-power conversion likely to
occur in discontinuous conduction

» A single time-shared inductor &
multi-input buck-boost converter

voltage
_ —> regulation
Dini et al., Bandyopadhyay et al., Romani et al., ; ;7 ”']; + ext. load
IEEE TPEL 2015 JSSC 2012 IEEE TPEL, 2014

—DE. ;{o{ SEl:CE j boost converter
g = 7" T

vsnc-A
| —N | i ).\ _p—1
- L ~ \ =
1 SOURCE >t
LA
N DN A .
vsncaA
e LN e\ e
[~ L~ L~ -
>t
iLA
2 SOURCES \ ™\ \ "\ \ N\ \ ™\ -
Vsncz‘
- e\ L { B A
L~ \ v v
>t

srel src2 src1 src2 srct  src2

N SOURCES "‘K/ JAVAVAVAVAVAVAVAVAVAN




Ultra-low voltage energy harvesting

« Voltages available from energy transducers are very low in
many practical cases

L .
EE TNy SN

rectenna PV cell TEG
~ 0.8 V with ~ 200 mV under ~ 50 mV under thermal
Pn=100uW? indoor illumination? gradients of a few °C 3

« Target: battery-less energy harvesting systems

» Application circuits and power converters require higher Vg

« Switching boost converters and charge pumps cannot operate
when Vgre<<Viy

" A. Costanzo et al., Sensors and Actuators, 2012 2 M. Dini, ESSCIRC 2014 3 A. Camarda, Eurosensors, 2014



Role of start-up circuit

The start-up circuit is enabled only in discharged states

It boosts initially the voltage on the storage capacitor up to the
minimum operating voltage of active circuits

After this, it is disabled, and the power converter is enabled

1 2
£} Start-up
Circuit
Ultra S 6
lowvoltage | Power
Energy Source Converter
4 Load

"4 CSTORE
Controller FhoaEe
Circuit ‘
3
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'5‘
- /<
t\" VA 3 e

 Ways to provide the initial voltage Vpp required by the
active converter:

R R VRO
—>F VD._nT =1 — above V4. passive rectifiers directly
ey L charge the storage capacitor
King Ovcioir 3 L " — around or slightly below V+,: an oscilator
T NN e Ve starts driving a charge pump
:T, = — below Vqy: a step-up oscillator based on
ot a transformer steps up the output voltage
)

Untll the minimum Vpp is detected by an UVLO.
Then the active (more efficient) converter is started.




Step-up oscillators

« A step-up oscillator is a circuit generating an oscillation with growing
amplitude starting from an ultra-low voltage (~tens of mV)

« Low voltage step-up oscillators based on coupled inductors can operate
as bootstrap circuits in discharged states.

* Primary target: minimum operating voltage

- in I || Lll
| I
| L |

— e = = = - - |
Low-voltage source

Voltage doubler

Depletion

Rectifier

Low voltage
Energy Depletion-mode nMOS External
source or JFET transformer




Step-up Oscillators

« At UNIBO we investigated novel start-up circuits based on
piezoelectric transformers

_amplifier stage
]Z . piezoelectric transformer
A o PO
A Y s
1 | — M — !
| e % -2
* Advantages voltage ! 7 /7;7 77 a7
— No EMI source : I R -
— Higher Q factors PR o ~ B
R LT
— Losses do not | : T
increase with frequency voltage: | out
doubler: .

— PTs are integrable andshrinkable (MEMS)

Minimum measured start-up voltage

— 16 mV with a series 40 yH inductor

(Z.), a Noliac PT and a discrete FET
A. Camarda et al., S&A A: Phys.l, 2015



Step-up oscillators

* Double-polarity version

— CMOS inverter as amplifying element, whose phase shift depends on
the polarity of the supply (180° when V>0, 0° when V y<=0)

— Phase shift of PT is ~=180° around anti-resonance or ~0° below
resonance

— The high gain of PT always allows to satisfy Barkhausen criterion

._MA’_ A. Camarda, M. Tartagni, and A. Romani, “A -8 mV/+15 mV Double
RP Polarity Piezoelectric Transformer-Based Step-Up Oscillator for

Energy Harvesting Applications,” IEEE Trans. Circuits Syst. | Regul.
Pap., 2017.




Techniques and design trade-offs for power
management circuits

The importance of reducing
Intrinsic power
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Battery-less Reference Architecture

Pinr P A. Romani et al., IEEE

control PR VMON Computer, 2017

circuits voltage contre
u;-:-‘,-" Jr;m:':':: monitor | LDO or switching
B
PSRC n P Vol 30 PAV ' ) i
energy > power SRC - / ool Yoltage L__p| application
transducer converter B | regulator circuit
T storage
/777 capacitor  LEAK e
»1 boolstrap

« The power converter has efficiency n and draws Pggc from the source

» The control circuits of the power converter steal an intrinsic power Pyt
(static + dynamic)

« The storage capacitor has a leakage current: P gak
« The voltage monitor draws a power Pyyon
* The power available for the load is: PAV =N PSRC —_— PINT _— PLEAK —_ PVMON

PinT, Psrc and n are correlated - trade-off based on the maximum source power




Duty-cycled Operation

activate load activate load
) storage narvest e energy available
Voo , for the load
DDH
useful range \l-./_/_,_/_/ \G!_/_/_/ AE = % Cstore (Voor?-VopL2)
R
unused range baseline energy
Egase = 72 Cstore VbpL?

>time

When P oap > Pay duty-cycled operation is necessary
« Load is activated when the output voltage is between two thresholds

— The linear or switching regulator that supplies the load requires a minimum voltage Vyp, for
operating

— Given the energy AE required by the load per activation, the activation voltage Vppy depends
on Csrore

« Large Cstore 2 large Egasg 2 long wake-up time
« Small Cgrore 2 higher Vppy =2 higher P gak and Py, less efficient regulation
« Trade-offs are generally required!



« Typical energy harvesting applications: when the power
consumed by the application is higher than the harvested power, the
duty-cycle of activation must be reduced

The average

Ultra-Low Power Activity Profile consumed power
source: (TR PP decreases with the
ti.com — va‘e_ _: ' :_ duty—cycle e

..at least, until we
reach the baseline

Standby .
1 uA ARG 1 BT S R B A RO S B 1 s i ] | R R .- average Consumpt:lon
t asymptotically!
+ Extended Ultra-Low Power standby mode In p Ut pOWG rcan 't

* Minimum active duty cycle

+ Interrupt driven performance on-demand be lower than this!



Baseline Consumptions

Ultra-Low Power Activity Profile
« As duty cycle - 0, the consumed power

approaches the ‘baseline’ consumption, i.e.: ([ Active Active

—> - - -
1.  The stand-by/sleep power of the
application circuits (e.g. CPU, radio, etc)

>

] ] Standby o
2. If the load supply is cut off, the static R PETS papers——  average
. . . =
current of the supervisor circuit (voltage !
. + Extended Ultra-Low Power standby mode
m0n|t0r) * Minimum active duty cycle
. . . . * Interrupt driven performance on-demand
3. Inlast instance, the intrinsic power of the power converter

« The hard limit for any energy harvesting application is the intrinsic
consumption of the power converter.

— the maximum source power must be necessarily higher in order to achieve a
positive power budget (i.e. to progressively store energy)

NOTE: keep in mind that if you want high n and also Psrc close to the MPP you'll generally
have to spend higher P\, but in power-constrained scenarios the quantity to maximize is:

PAV =N PSRC - PINT = N NmpPP PSRC,MAX - PINT < need for trade-offs with N, Mmep and P|N-|-!



Evolution & Trends in
Power Management Circuits
for Energy Harvesting
Applications
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Advantages of ICs

« Why ASICs for energy harvesting?

— Very low parasitics and leakage currents - extremely low intrinsic
power (at least 10x with respect to discrete components)

— Possibility of fine tuning of all design parameters

— Size is also reduced, but usually is not an issue (transducers, inductors
and storage are usually larger)

 What technology?

— No need for extreme integration: analog and power conversion circuits
do not benefit significantly from high miniaturization

— Older processes tend to handle higher voltages and have lower leakage
currents



Commercial devices

The “Energy harvesting” words have been often
appearing in many datasheets in the last decade

The first devices had still (relatively) high intrinsic
consumption limiting the efficiency

Most of them were basically implementing a DC/DC
converter with an input rectifier for vibrational sources

The next generation of devices implemented more
specific MPPT techniques for squeezing more power out
of the power source

The latest generation target ultra-low intrinsic
consumption and look forward towards 1 yW operations



Linear Technologies

Among the first semiconductor
companies with a dedicated class of
products

(Il

ADVANCED CERAMETRICS PFCB-W14

PZ1 Pz2

10pH

LTC3588-1

« LTC3588 (2010). Basically an

hysteretic switching regulator from a
‘large’ input capacitor charged
autonomously by the source.

— Relatively high voltage thresholds

— 2.7V min input voltage, ~85% efficiency,
quiescent current up to 2.5 pA

— No evident MPPT technique

LTC3108 (2009). An Armstrong-
Meissner oscillator based on a
transformer and a depletion-mode FET
+ an output rectifier + LDO

— Min input voltage down to 20 mV with a 1:100
transformer

—  No MPPT
— Relatively low efficiency

...and many more!

—L 1uF o
6V

A

CAP

ouT
PGOOD

W Vourt
47uF

IGV

CsTORAGE
— 25V

_I: 4.7yF

Ving DO, D1

[<p}
=
o

— 6V

|||—

THERMOELECTRIC
GENERATOR

20mV 70 500mV =

5V
I— C1 VSTORE
q 1 0.1F

LTC3108

2

oOuTPUT =
VOLTAGE
SELECT

v =
I_ c2 out2
= pgD | 2600D

SW VLDO = 2

uP

SENSORS y

Vour

J__ VS2

RF LINK

VST Voutz_en
VAUX  GND

L

WwF =

=X

3108 TAO1a



Linear Technologies

* Among the first semiconductor B —
companies with a dedicated class of 'z " {INH
products -

LW

« LTC3588 (2010). Basically an [fi/‘

hysteretic switching regulator from a
‘large’ input capacitor charged

autonomously by the source. oo

— Relatively high voltage thresholds

— 2.7V min input voltage, ~85% efficiency, w01
quiescent current up to 2.5 pA

— No evident MPPT technique

« LTC3108 (2009). An Armstrong- ) ‘vf¥
Meissner oscillator based on a -
transformer and a depletion-mode FET -

+ an output rectifier + LDO e S

— Min input voltage down to 20 mV with a 1:100
transformer

—  No MPPT
— Relatively low efficiency

L

Jeas

L

* ...and many more! T



Tl and STM

« The Tl bg255xx and the ST SPV1050
implement a buck-boost topology with
FOCV MPPT (16s refresh period)

— Best trade-off for minimizing intrinsic
consumption and for ULP sources

— Low voltage ‘cold’ start-up is performed

H

L

VOC,SAMPl VSTOR |

LB T

VREF_SAMP
Boost
Controll
MPPT

with internal charge pumps
— The ICs are supplied from the storage bq25570
device datasheet
« Tl bqg255xx o
— cold start-up from 330mV and 15 yW src: ST,
tained from 100 mV and 5 pW SPV1090 o
~ sustained from 100 mV and 5 Jatasheet - ; i -
- effICIGncy ~75o/0 i %:: 7 M
— OCV sampling: 400 ms every 16 s Dﬁ o~ = | 4%
ki L | g™ oo L
« ST SPV1050 | e T o | Ll
- - e ad | I N s
cold §tart up from 550 mV : T_%% ...........
— sustained from 75 mV and 2.5 pW ) I
— efficiency ~80% T = :

— OCV sampling: 256 ms every 16 s ' <



ST SPV1050

« Typical operation

DC-DC

T -
UFN o : Switching
s i >
Yo P T s A e e
i Switching |
—>
W ——T—_[__—__T—'—T’"_:ﬁl_‘—'_':‘[

-

WMO014 751 ISP

cold start-up

source: SPV1050
datasheet
i weoce Teiee T G Gt owns Mo o s Vo ]
i ‘ i
é i‘ TrrackinG >
i oim
Tsampie

AenIS s P

FOCV sampling
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Meanwhile in scientific literature...

« 2003.G. Ottman et al., Optimized Piezoelectric energy harvesting
circuit using step-down converter in discontinuous conduction mode,

|[EEE TPEL t
lp sinot L g,
| + a
l( e Vb —— | Load Tg
a_ucry B
\PEzo—clc:lric - Ves + 9
Element

Open Circuit Voltage

« 2007. E. Lefeuvre et al., Buck-boost converter for sensorless power

optimization of piezoelectric energy harvester, IEEE TPEL
—  85% efficiency with Py 200 yW — 1.5 mW

Lrect, ire ins
19T ¢
' Vi
+ +
. Cy DC-DC T Cheer | Control N 1
v Converter = Ve Vieer ——— =
, — — % iy = Vi,
- L i3 T
+
Piezoelectric element

« Similar approach as first product (rectifier + DC/DC)



2008. D. Dondi et al., Modeling and

optimization of a solar energy
harvester system for self-powered
wireless sensor networks,
IEEE TIE

— Use of the FOCV MPPT technique

— Based on a “pilot’ power source

2009. E. Dallago et al., Electronic
interface for piezoelectric energy
scavenging system

— CMOS implementation of SECE

— 700 nA quiescent current

— 5V maximum voltage

Vout




Meanwhile in scientific literature...

2012. K. Kadirvel et al., A 330 nA energy-
harvesting charger with battery management
for solar and thermoelectric energy harvesting,
IEEE ISSCC

— Nanopower implementation of FOCV MPPT

— 150 nA quiescent current

—  Minimum V=330 mV and P=5 pW.

— efficiency >80% for V=500 mV

2014. E. Aktakka, K. Najafi, A micro inertial
energy harvesting platform with self-supplied
power management circuit for autonomous
wireless sensor nodes, |IEEE JSSC

— All components in a single package
— SSHI on a miniature piezo source

— 0.5 pW consumption in active mode, 10 pW in sleep-
mode




Meanwhile in scientific literature...

« 2013-2015. M. Dini et al. (UNIBO), Developed a series of nanopower ASICs
for DC, piezoelectric, and heterogeneous energy harvesting sources, IEEE
TPEL, ESSCIRC, PRIME

7y 0.32 um STM technology - 0.32 um STM technology 0.32 pm STM technology
W88 Multi-source (9 piezo&DC) with % Implements SECE-RCI FOCV MPPT for DC srcs
o independent MPPT and shared L Cold start-up @0.2V

2 Separate IC/load supplies

R Py = 296 nW (@7 Hz,
2 0.5Vey)

Separate IC/load supplies
Puin = 1 uW, Ippg = 300 nA

: Ippg = 360 nA (40 nA/source)
WY Efficiency up to 85%

« 2015-2016. A. Camarda et al. (UNIBO), developed an integrated ultra-low
voltage dual-polarity bootstrap circuit (-8/+15 mV) based on a piezoelectric

transformer G, g S
Vev ﬁ@‘l | S‘T;"_ ~ i »\,u%m_m 4
« 2016. G. Chowdary et al., An 18 nA, 87% [ |

efficient solar, vibration and RF energy
harvesting power management system
with a single shared inductor, IEEE JSSC

— Multi-source IC with single shared inductor
—  Puin=25nW, Ipp, = 18 nA, 87% efficiency




S. Bandyopadhyay et al., A 1.1 nW energy
harvesting system with 544pW quiescent power
for next-generation implants, IEEE JSSC 2014

Features

70-100 mV input from endo-cochlear bio-potential
inside ear

Efficiency > 53% @ Vpp=0.9V, L=47 uH D TT——— |

Boost converter topology with
12 Hz switching frequency

Trade-off between switching
frequency, FET sizes and power
losses carefully investigated

0.18 um CMOS
Cannot self-start

The lowest intrinsic consumption
reported up to now
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Trends: Commercial PMICs

100 7 ¢
 Two parameters

analyzed: minimum
start-up voltage
and minimum
input power

« Most effective
products target
today few yW and
few hundreds mV
power sources

 However, many
enviromental sources | .
often provide less than ~L
that in their worst case e

* No synchronized switch v

10 ¢ S

Minimum input power (LW)
/

harvesters for piezo

sources available up to now Minimum input voltage (V)



Trends: Industry and Research

. 100 4 @
e Commercial PMICs

stay on the ‘safe’ side
— reliability 10 == N
— higher output current - .
required by external
circuits
* Research is keeping
on pushing the limits
towards lower power
and voltages

— Very good trade-offs
on power can be 0.01 -
found

— Voltage is practically
limited by VGS,TH

0.1 #

Minimum input power (LW)
’
L

(sub-100mV typically

0.001 = l l l : :
achieved by step-up oscillators) 1

0 2 3 4 5 6
Minimum input voltage (V)



Trends: Industry and Research

* Sub-uW operation is likely
to be achieved in commercial
PMICs in the near future
as market demands more
power efficient components
(MCUs, radios, analog front-
end for sensors, etc.)

« Ultra-low voltage circuits
are expected to stay in a
niche (lower efficiency and
higher min. power), with
a envisaged use for
battery-less circuit start-up
from fully discharged states

E. E. Aktakka et al., IEEE ISSCC 2011;

T. Huang et al., IEEE JSSC, 2012

N.K. Pour et al., IEEE ISCAS 2013

S. Bandyopadhyay et al., IEEE JSSC, 2014
M. Dini et al., IEEE TPEL, 2016

D. El-Damak et al., IEEE JSSC, 2016.

a:
b:
c.
d:
e:
f:

100
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e
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Conclusions
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Conclusions

« Energy harvesting is an exciting research field experiencing
continuous advancements

 The micropower barrier was broken in research. Many commercial
power management ICs are becoming available. Careful designs can
yield to very interesting results

 Energy-aware and design techniques for operation in power-
constrained scenarios are progressively being applied to CPUs,
sensors, radios, etc. This is necessary to go further.



References

R.J.M. Vullers, R. Van Schaijk, I. Doms, C. Van Hoof, R. Mertens, Micropower energy harvesting, Solid. State. Electron. 53 (2009) 684-693. doi:10.1016/j.sse.2008.12.011.

E. Lefeuvre, A. Badel, C. Richard, L. Petit, and D. Guyomar, “A comparison between several vibration-powered piezoelectric generators for standalone systems,” Sensors Actuators A Phys., vol. 126,
no. 2, pp. 405-416, Feb. 2006.

J. Dicken, P. D. Mitcheson, I. Stoianov, and E. M. Yeatman, “Power-Extraction Circuits for Piezoelectric Energy Harvesters in Miniature and Low-Power Applications,” [EEE Trans. Power Electron., vol.
27, no. 11, pp. 4514-4529, 2012.

A. Dolgov, R. Zane, Z. Popovic, Power management system for online low power RF energy harvesting optimization, Circuits Syst. | Regul. Pap. IEEE Trans. 57 (2010) 1802-1811.
doi:10.1109/TCS1.2009.2034891.

T. Paing, R. Zane, Design and optimization of an adaptive non-linear piezoelectric energy harvester, in: 2011 Twenty-Sixth Annual. IEEE Appl. Power Electron. Conf. Expo., leee, 2011: pp. 412-418.
doi:10.1109/APEC.2011.5744630.

S. Boisseau, P. Gasnier, M. Gallardo, G. Despesse, Self-starting power management circuits for piezoelectric and electret-based electrostatic mechanical energy harvesters, in: J. Phys. Conf. Ser., IOP
Publishing, 2013: p. 012080. doi:10.1088/1742-6596/476/1/012080

P. Gasnier, J. Willemin, S. Boisseau, G. Despesse, C. Condemine, G. Gouvernet, and J.-J. Chaillout, “An Autonomous Piezoelectric Energy Harvesting IC Based on a Synchronous Multi-Shot
Technique,” IEEE J. Solid-State Circuits, vol. 49, no. 7, pp. 1561-1570, Jul. 2014.

A. Romani, E. Sangiorgi, M. Tartagni, R. P. Paganelli, E. Sangiorgi, and M. Tartagni, “Joint Modeling of Piezoelectric Transducers and Power Conversion Circuits for Energy Harvesting Applications,”
IEEE Sens. J., vol. 13, no. 3, pp. 916-925, Mar. 2013.

A. Romani, M. Filippi, and M. Tartagni, “Micropower Design of a Fully Autonomous Energy Harvesting Circuit for Arrays of Piezoelectric Transducers,” IEEE Trans. Power Electron., vol. 29, no. 2, pp.
729-739, Feb. 2014.

A. Romani, M. Filippi, M. Dini, M. Tartagni, A sub-pA stand-by current synchronous electric charge extractor for piezoelectric energy harvesting, in: ACM J. Emerg. Technol. Comput. 12(11) 2015

E. Dallago, A.L. Barnabei, A. Liberale, P. Malcovati, G. Venchi, An Interface Circuit for Low-Voltage Low-Current Energy Harvesting Systems, IEEE Trans. Power Electron. 30 (2015) 1411-1420.
doi:10.1109/TPEL.2014.2322521.

K. Kadirvel, Y. Ramadass, U. Lyles, J. Carpenter, V. Ivanov, V. McNeil, et al., A 330nA energy-harvesting charger with battery management for solar and thermoelectric energy harvesting, 2012 |EEE
ISSCC (2012) 106-108. doi:10.1109/ISSCC.2012.6176896.

M. Dini, A. Romani, M. Filippi, V. Bottarel, G. Ricotti, M. Tartagni, A Nano-current Power Management IC for Multiple Heterogeneous Energy Harvesting Sources, IEEE Trans. Power Electron., vol.30,
no.10, pp.5665,5680, Oct. 2015

M. Dini, A. Romani, M. Filippi, M. Tartagni, "A Nano-Power Synchronous Charge Extractor IC for Low Voltage Piezoelectric Energy Harvesting with Residual Charge Inversion," IEEE Trans. Power
Electron., vol.PP, n0.99, pp.1-1, Mar. 2015, ISSN: 0885-8993, DOI: 10.1109/TPEL.2015.2417352

T. Hehn, F. Hagedorn, D. Maurath, D. Marinkovic, |. Kuehne, A. Frey, and Y. Manoli, “A Fully Autonomous Integrated Interface Circuit for Piezoelectric Harvesters,” Solid-State Circuits, [EEE J., vol. 47,
no. 9, pp. 2185-2198, 2012.

E.E. Aktakka, K. Najafi, A Micro Inertial Energy Harvesting Platform With Self-Supplied Power Management Circuit for Autonomous Wireless Sensor Nodes, IEEE J. Solid-State Circuits. 49 (2014)
2017-2029. doi:10.1109/JSSC.2014.2331953.




References

S. Bandyopadhyay, P.P. Mercier, A.C. Lysaght, K.M. Stankovic, A. Chandrakasan, A 1.1nW energy harvesting system with 544pW quiescent power for next-generation implants, in: 2014
IEEE Int. Solid-State Circuits Conf. Dig. Tech. Pap., [EEE, 2014: pp. 396-397. doi:10.1109/ISSCC.2014.6757485.

M. Dini, A. Romani, M. Filippi, and M. Tartagni, “A Nano-Current Power Management IC for Low Voltage Energy Harvesting,” [EEE Trans. Power Electron., vol. 31, no. 6, pp. 4292-4304,
2016.

A. Camarda, M. Tartagni, and A. Romani, “A -8 mV/+15 mV Double Polarity Piezoelectric Transformer-Based Step-Up Oscillator for Energy Harvesting Applications,” IEEE Trans. Circuits
Syst. | Regul. Pap., 2017.

A. Camarda, A. Romani, E. Macrelli, and M. Tartagni, “A 32 mV/69 mV input voltage booster based on a piezoelectric transformer for energy harvesting applications,” Sensors Actuators A
Phys., vol. 232, pp. 341-352, May 2015.

E. Macrelli, A. Romani, R. P. Paganelli, A. Camarda, and M. Tartagni, “Design of Low-Voltage Integrated Step-up Oscillators with Microtransformers for Energy Harvesting Applications,”
IEEE Trans. Circuits Syst. | Regul. Pap., vol. 62, no. 7, pp. 1747-1756, Jul. 2015.

M. Pizzotti, L. Perilli, M. Del Prete, D. Fabbri, R. Canegallo, M. Dini, D. Masotti, A. Costanzo, E. Franchi Scarselli, and A. Romani, “A long-distance RF-powered sensor node with adaptive
power management for loT applications,” Sensors (Switzerland), vol. 17, no. 8, 2017.

D. Masotti, A. Costanzo, P. Francia, M. Filippi, and A. Romani, “A Load-Modulated Rectifier for RF Micropower Harvesting With Start-Up Strategies,” [EEE Trans. Microw. Theory Tech.,
2014.

A. Romani, M. Filippi, and M. Tartagni, “Micropower Design of a Fully Autonomous Energy Harvesting Circuit for Arrays of Piezoelectric Transducers,” IEEE Trans. Power Electron., vol. 29,
no. 2, pp. 729-739, Feb. 2014.

T. Huang, C. Hsieh, Y. Yang, Y. Lee, Y. Kang, K. Chen, C. Huang, Y. Lin, and M. Lee, “A Battery-Free 217 nW Static Control Power Buck Converter for Wireless RF Energy Harvesting With
-Calibrated Dynamic On / Off Time and Adaptive Phase Lead Control,” IEEE J. Solid State Circuits, vol. 47, no. 4, pp. 852-862, 2012.

J. Kim, P. K. T. Mok, and C. Kim, “A 0.15 V Input Energy Harvesting Charge Pump With Dynamic Body Biasing and Adaptive Dead-Time for Efficiency Improvement,” IEEE J. Solid-State
Circuits, vol. PP, no. 99, pp. 1-12, 2014.

G. Chowdary, A. Singh, and S. Chatterjee, “An 18 nA, 87% Efficient Solar, Vibration and RF Energy-Harvesting Power Management System With a Single Shared Inductor,” IEEE J. Solid-
State Circuits, vol. 51, no. 10, pp. 2501-2513, Oct. 2016.

A. Romani, A. Camarda, A. Baldazzi, and M. Tartagni, “A micropower energy harvesting circuit with piezoelectric transformer-based ultra-low voltage start-up,” in 2015 IEEE/ACM
International Symposium on Low Power Electronics and Design (ISLPED), 2015, pp. 279-284.

Linear Technology, LTC3588 datasheet
Linear Technology, LTC3108 datasheet
Tl, bg25570 datasheet
STMicroelectronics, SPV1050 datasheet
Cypress, SGAE10xA datasheet

Cypress, MB39C811 datahseet

Maxim, MAX17710 datashet




ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA
CAMPUS DI CESENA

Aldo ROMANI

Advanced Research Center on Electronic Systems “E. De Castro”
University of Bologna, Campus of Cesena

aldo.romani@unibo.it

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA +« CAMPUS DI CESENA




