Low-Power System Design



Plan for Today

Renewable Energy Sources — Harvesting Systems

Energy Harvesting Systems Integration
— Maximum Power Point Tracking

System Design
— TEG- based Energy Scavenging

Modeling

— Harvesting Control

— Battery State-of-Charge Approximation
— Long-term Energy Neutral Operation

Slides contain material from J. Rabaey, D. Brunelli, D. Bernath, C. Moser and B. Buchli



RENEWABLE ENERGY SOURCES -
HARVESTING SYSTEMS



Energy Harvesting Basics

* Energy harvesting is the process
by which energy is captured and
stored

* This term often refers to small,
autonomous devices: micro
energy harvesting

— Energy harvesting shrinks or replaces
batteries or extends recharge periods

— Power output of energy harvesting
transducers is linked to their size (area,
volume) and thus to their price

— Power addresses matching of loads and
supplies aiming at the maximum energy
output




Energy Harvesting Principle
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* Benefits
— Long lasting operability — No charging points
— No chemical disposal — Inaccessible sites operability
~ Costsaving — Flexibility
— Safety

) — Applications otherwise impossible
— Maintenance free PP P



Extending the Lifetime

Continuous Power / cm? vs. Life Several Energy Sources
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Available Energy is All Around

Light

EM waves
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Ambient Energy Sources

Light
— Photovoltaic cells 10 uW/cm? to 15 mW/cm?

Temperature gradients
— 80 uW/cm? @ 1V from 5K difference

Mechanical sources

— Vibrations 0.1 to 10000 uW/cm?
— Pressure variation

— Acceleration

— Air/liquid flow
Radiation

— RF sources

— Nuclear radiation




Energy
Source

Light

Thermal

Vibration

Ambient
Air flow

RF

Energy Harvesting Sources

Source
Polarity

DC

DC

AC

AC

AC

Efficiency

10~24%

~0.1%

~3%

25~50%

~39% (Dynamic)

~41% (Generator)

~50%

Harvested Power

100 mW/cm2 (Outdoor)

100 pW/cm2 (illuminated office)

60 pW/cm2 (Human)

~1-10 mW/cm? (Industrial)

~4 yW/cm3 (Human motion - Hz)

~800 pW/cm3 (Machines - KHz)

35 pW/cm2 (@ <1 m/s)

3.5 mW/cm? (@ 8.4 m/s)

0.1 pW/cm2 (GSM 900 MHz)
0.001 mW/cm2 (WiFi)

Characteristics

Operating conditions vary widely
with environment light level. MPPT
algorithms needed to achieve
maximum power transfer

Low output voltage. Step-up circuit
needed.

Impedance matching to achieve
maximum power transfer

High AC output voltage with positive
and negative fluctuations (spikes).
Rectifier & Step-down circuits are
needed.

Dual or 3-phase output. Rectifier is

needed.

MPP varies slightly with wind speed.
Impedance matching is sufficient to
achieve maximum power transfer in
many applications

Impedance matching to achieve
maximum power transfer



Ambient Energy
Non-monotone, Unpredictable
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e Example: Solar power (PV-cells) ] \ |
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e Example: Power waveform from :
human walk (piezo-scavengers)
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Power Generation & Utilization

Average Power

Harvesters Consumers
Cell phone
- Zigbee mesh network node
1 cm? a-Si PV (w/ Rx from wireless sensor)

in sun lit airplane pax window *— AAALED flash light

o—— i :
1in2 TEG on crease beam Chipcon CC2500 radio (Tx mode)

° Wireless dimming window

TEG stringer clip ——e
6 mm2 TEG on hydraulic line
Large inductive vibe harvesters
Push button harvester
1 cm?2 a-Si PV in blue sky

*— TI MSP430 microprocessor (awake)

*— Wireless sensor @ 1 Hz
z< Push button transmitter

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

1 cm?2 a-Si PV in cabin lighting
Small piezo beam vibe harvesters

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

TEG = thermoelectric generator *— Sensor @ 2.8 hrs interval



Technology: Solar Power

* Max. power density for outdoor solar is 1000 W/m?
or 100 mW/cm?

— At midday, summer, no clouds, right angle reception

— A night with full moon yields only 1 mW/m?

— Winter solar energy (in Europe) is about 1/10t™ of summer
— Indoors 500-1000 mW/m?

— Attenuation over distance is very strong

uW/cm”2

Power densities measured indoors from a 60 Watt incandescent light bulb

* Typical solar cell efficiencies: 10-20%
— 2-5% for very cheap/small cells



Technology: Solar Panel Characteristics

* Variable output power

8 25°C — llluminance level

AM-1.5, 100mW/cm? . . .
16 — Electrical operation point

V*

— (Temperature, age, ...)

|-V-Characteristics

— Non-linear

O 02 04 068 08 10
Voltage [V/cell] |/

Efficient Use

— Dynamic algorithms to find P*



Technology: Micro-Fuel Cells

Electric Current

=
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Max current is a limiting factor
due to surface area constraints
(as with micro-batteries).

Methanol energy density is
17.6 kJ/cm3. (6 X lithium and
15 X rechargeable lithium).

Efficiencies of large fuel cells is
about 45% (up to almost 90% if
cogeneration is employed.)

Efficiencies of demonstrated
micro-fuel cells are on the
order of 1% (Holladay et al.
2002).

Products are not really micro



Technology: Micro-Heat Engines

4 mm Turbine — top view * Research started by Epstein
15 mm ROTOR et al. 1997. Many types of
engines are now being
developed

* Petrol (gasoline) energy
density is 30 kJ/cm?3

— 10 X lithium and 25 X
rechargeable lithium

* Expected efficiencies range
from 5% to 20%

* 0.1to 10 W output
 Size~ 1lcm?3

4 mm dia

[L. Frechette, Columbia University]



Technology: Thermal Gradients

* Seebeck effect is the conversion of temperature differences

(heat flux) directly into electricity

Efficiency is given by:

AT

77=?

— AtT=20°Cand AT=5°C,n=1.6%

— However, demonstrated efficiencies are far lower.

Power is proportional to AT?
AT?

Pyt 00 ——

T

N P
HE
—W—




TEG Characteristics

* TEGs output voltage is very low

* TEGs have a maximum power
point (MPP) which changes
with AT

* MPP is usually the half of the

open circuit voltage (Vieg - Vo) oo

* Problem

* Internal resistance of TEG depends
on temperature and aging

P (W)

vdd (V)
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Example: Thermo Electric Generator

Seiko Thermic wristwatch, convert heat from the wrist (body
heat) into electricity.

18



Powering the Voyager Spacecraft

Imaging NA Ultraviolet

Spectrometer

WA
Infrared
Spectrometer
and Radiometer

\Phompnlanmeter

Low-Energy Chorged
Particle Detector

Power |[edit] Cosmic Ray

Electrical power is supplied by three MHW-RTG radicisotope
thermoelectric generators (RTGs). They are powerad by
plutonium-238 (distinct from the Pu-239 isotope used in nuclear
weapons) and provided approximately 470 W at 30 volts DC when

"Bus” Housing
Electronics Hydrazine

Thrusters (16)

the spacecraft was launched. Plutonium-238 decays with a half-
Oplical

life of 87.74 years 28 so RTGs using Pu-238 will lose a factor of High-Cain Calibration
1-0.5\V87.74) = 0.79% of their power output per year. (3 5-m Dia) ;:;l:':::r"d
In 2011, 34 years after launch, such an RTG would inherently

produce 470 W x 2-3487.74) = 359 W about 76% of its initial

power. Additionally, the thermocouples that convert heat into High-Field

Magnelometer

electricity also degrade, reducing available power below this @

Planelary Radio

calculated level.

& % Aslronomy and
- o Plasma Wave
By 7 October 2011 the power generated by Voyager 1 and Radioisotope thermoelectric & Antenna (2)
Voyager 2 had dropped to 267.9 W and 269.2 W respectively, generators for the Voyager program Rads
1oisolope
about 57% of the power at launch. The level of power output was Thermoelectric
better than pre-launch predictions based on a conservative . N ‘ (Y]Ge""m'm
Low-Field aw
thermocouple degradation model. As the electrical power decreases, spacecraft loads must be turned off, ';7 Maag,,efmm, 2

eliminating some capabilities. There may be insufficient power for communications by 2032 129 Pitch (X)

(Spacecrafl Shown Withoul

Thermal Blankets for Clarily) Axes

Roll (Z)

[wikipedia]



Technology: RF Radiation Sources

Remote powering of systems from
RF sources

Inductive coupling using a large

excitation coil and a small pickup coil

— Medical Implants
— RFID Tags

— Smart Cards

— Wristwatches

— Badges

Experimental systems with higher
power capabilities are explored

Issue: Attenuation

2 P, = transmit power
. POA P, = power received
r T 2 A = wavelength
ATR R = transmit distance
Example

2.4 GHz, 5 meters, P, =1 watt, P, =50 uW

Probably not useful for a dense
sensor networks, but useful in
many applications



Technology: Vibration Energy Harvesting
/’_\N Cg_j_“i’_ apring, k

mass, m -

Electromagnetic

*o—] _ _ wire coil, |
o] e
nt
Wireless rﬁ;’g":;‘t‘* B—
Device/Sensor
Circuit Regulator . .re
% Storage - > == Electrostatic/Capacitive
Vibration Energy
Harvester

Piezoelectric

Ambient vibrations
Human motion

Wind, Hydro Magnetostrictive



Vibrations — Electrostatic Conversion

1 1 1 1 —_— Peak Acc.
* Generic vibration power conversion model Vibration Source e Freq. (H2)
T Base of 3-axis machine tool 10 70
(adapted from William et al. 1995) Kitchen blender casing 6.4 121
Clothes dryer 3.5 121
Door frame just as door closes 3 125
i Small microwave oven HVAC 2.25 121
2 2 m I_S the proof' mas§ . . vents in office building 02-15 60
mé’ A ¢, is the electically induced damping ratio ~ Wooden deck with foot traffic 1.3 385
— e . . . . Breadmaker 1.03 121
P - gm is the mechanical damplng ratio External windows next to street 0.7 100
H i ; ; Notebook computer w/ CD. 0.6 75
4 a)(é’ T+ é:l )2 A |§ the acc. amplitude of the vibrations Washing maching Py -
wis the resonant freq. and input freq. Second story floor of a wood frame 02 100
office building ’

Refrigerator 0.1 240

Acceleration magnitudes range from 0.1 to 10 m/s2.
Frequencies range from 60 to 200 Hz.

* Three things to notice from the model:
— Power output is proportional to the mass of the device
— Power is proportional to the square of the acceleration amplitude
— Power output is inversely proportional to frequency

[«— 5-10mm —>|

|[€— s-10mm —|

B w | — (-

iy il o

2 um

[S. Roundy, UC Berkeley]

Electrostatic converters




Vibrations — Piezoelectric Conversion

Piezoelctric bulk (33 mode) Cantilever beam (31 mode)

Piezoelectric plates

strain I o \\le(t)

_______

- -

strain z |- =l v
------ S— .
y(t)
Piezoelectric Iayér >N ¢ hp
Subtrate layer ——— ‘ o hs
v dz1h
At open circuit = —
oc eS 1
. 2
RL The power delivered VL
to the load is simply P = R_L

[S. Roundy, Energy scavenging for wireless sensor networks, Kluwer]



Vibration — Basic Operating Principles

Direct force Inertial force
.......... L IR . S

Piezoelectric Transducer y(t) Vibrations

* Inertial generators are more flexible than direct-force devices because they require only one point
of attachment to a moving structure, allowing a greater degree of miniaturization.

AC/DC Bridge': Diodes
Vibration . converter Rectifier
Energy |
Vout ‘
Harvester Coors
ge
7 Load (ULP sensors, MEMS
T " actuators)

[S. Roundy, UC Berkeley]




Energy Harvesting Methods - Overview

P/cm3 E/cm3 P/cm3/a Zte::)ang‘iary Voltage Comm.
Power Source (uW/cm3) (J/cm3) (uW/cm3/a) Needed Regulation Available
Primary Battery - 2880 90 No No Yes
Secondary Battery - 1080 34 - No Yes
Micro-Fuel Cell - 3500 110 Maybe Maybe No
Ultra-capacitor - 50-100 1.6-3.2 No Yes Yes
Heat engine - 3346 106 Yes Yes No
Radioactive(®3Ni) 0.52 1640 0.52 Yes Yes No
Solar (outside) 15000 - - Usually Maybe Yes
Solar (inside) 10 - - Usually Maybe Yes
Temperature 40 - - Usually Maybe Upcoming
Human Power 330 - - Yes Yes No
Air flow 380 - - Yes Yes No
Pressure Variation 17 - - Yes Yes No
Vibrations 200 - - Yes Yes No

[S. Roundy, UC Berkeley]



ENERGY HARVESTING —
SYSTEMS INTEGRATION



Generic Energy Harvesting Design

* Dedicated blocks, depending on energy source, ambient conditions and
application

* Not always all are required in a given application/source
* Design process of rectifier, DC-DC converter and MPPT is challenging

* Charger/limiter/protection consumes additional power and are often to
some extent redundant

Opens up significant control-space issues w.r.t. energy usage
This needs algorithmic/software support!

4 )

Ambient Energy
Energy Transducer

\ J

ETH:zurich 27



Integration Into Mixed Architectures

Independent
Load
CcPU T HNE
Wireless |
EH-management Input

Interface .
\ protection
Switch \

= 4x 4x / Switch

{0 J
g '3

[\J N i Sensors
\/ _I_@ | Ref1 | | Ref2 | _3 }

Supercapacitor Battery

Supercapacitor  Battery

Energy Harvester and
Smart Power Unit Mixed Architecture

General purpose

Optimized from Ambient Source and storage,
but not for a specific application

Plug-&-play

Analog or with digital Interface for external
power management

e Usually more efficient
* Tailored on a specific application
* HW /SW dependent



Electric Power — Source and Sink

GENERATOR (delivered power >0)

e The instantaneous electric power A — I(t)
delivered to a load is given by:

P(H) = 1) V(®

e In case of resistive loads, then

2 L
P(t) = RI(t)* = V(}? I

* P(t) is the instantaneous power,

USER (incoming power >0)

I(t
measured in Watts [W] ( L::f:_"‘::»i
* V(t) is the voltage difference across the
load, measured in Volts [V] Vo)

* |(t) is the current through it, measured in
Amperes [A]
 Ris the resistance, measured in Ohms [Q]




Maximum Power Transfer

Generator 1 Load
r‘——————*l |
QN - | V,—R,I-R, I=0
! | I !
: []Rg : : - J = Vg
i Cly [ R, R,+R,
OV, i
B P=R I’=V,> __ &
| ; ! L (R +R )2
I 1 : g L
L I
dapP _
max(P) my max R RL- (Re+Ri) =2(Re+ Ri) 'R _
R, R R, +R, (R, +R,)"
R. =R, Resistance Matching



Maximum Power Point Tracking

* Maximum power from source to load when internal resistances are matched
* Input resistance of a DC-DC converter is influenced with its duty cycle
* R, depends on several factors - R, (Environmental condition, time, temperature, ...)

=TT |m—————- 1
| % i | DC-DC MPPT
| i : : h
I |
| REG LT | ReEGeT
| : ? R | . : R,
I | | [
7N : I '
Ve T Ve
| | | |
I T |
L J o |
Ideal situation: Typical situation:
* Load R, and internal resistance R, * DC/DC with MPPT to match R, and R,
are naturally matched and /or to adjust V,
* V, in the correct range * MPPT adjusts resistance matching

over time



Maximum Power Point Tracking

start new iteration k := k+1

sense VK], I[k]




Maximum Power Point Tracking

start new iteration k := k+1

v

senseK], I[K]

set VIk+1] = V[K] +
I

end iteration




Output power [mW]

Maximum Power Point
Under Ambient Conditions

100F 1 ; ; ‘ '
90t
80
70

60

)]
(=]

40

30

20

*
=z

15‘00 2OIOO 25l00
Load resistance [Q]

* Two main solutions:
e Staticimpedance matching

* Dynamic Maximum Power
Point Tracking (MPPT)

* TwoO main cases:
* MPP varies slightly with ambient
conditions (e.g. wind generators)
e Wide variations of the MPP (e.g.
solar cells)
o8 - --Simul‘alion profile at 60.000 LLIX
0.45/-| ® Experimental data at 60.000 LUX
Simulation profile at 40.000 LUX
— Experimental data at 40.000 LUX
3, %4[---simutation profie at 24.000 LUX .
- 4 E?(pemr_lenlal daila at 24.000 LUX ‘,‘
%i S ‘
3- 0251
g 0.2
g 0.15
g 0.1 R
P I L ‘. ';\
;, Fsevett Uil . "\‘ .
T 1 15 2 25 s Tt 5

3
Solar cell output voltage [V]



TEG-BASED ENERGY HARVESTING
(FOR PERMASENSE SENSOR NODES)

Thesis by ath, 2016]



Temperature [°C]

Motivation — Diurnal Temperature

25 T

Differences in Rock Walls

— T A mbient

T 10cm

T 2 0cm




Motivation — Diurnal Temperature
Differences in Rock Walls

% 10%
15

—
o

Probability

(&)

0
0 5 10 15 20

AT ambient versus depth of 20cm [°C]



Thermoelectric Generator (TEG)

Voe = 0-AlTEG [ 0-300 mv]

Pax = -[[ATTEG}Z] W




e Universal TEG Harvesting Platform

— Ground to atmosphere

— Supporting generic ~1mW class load

— Example: PermaSense WSN (~0.5 mW)

* Optimization areas
— Thermal guide
— Radiator
— TEG
— Rectifier
— Boost converter

ETH:zurich

TEG

Y \n

Boost
converter

Load



System Design

P Atmosphere

1;\}54 fg J‘r’ I” Energy | | Application Y

Black Body Radiator Harveting (4  Circuit

Earth Surface

Guide (not to scale)

ETH:zurich



System Design Challenges

' D Atmosphere

Energy Application Y
Black Body Radiator Harveting (4  Circuit

.llllllllllll-‘_—_ ‘

arth Surface

(not to scale)




System Overview

......................................................................................................................

N MW : AMN— :
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Thermal Characterization: Testbed
/4
| L
| |

Two sided temperature control Temperture vs radiation

* Temperature characteristics

e System response




a)

Thermal Modelling

200mm

Thermal contact

20 mm 16mmI

o

TrDCk

Thermal

> % ! 2 d

Copper transition

\ /

/

TTEG rock side

\

/

TTEG air side

Krock
1-4 K/W

I'(’tl"lern'lnall guide Ktl'a!"lsitiﬂh

2.48 K/W

Keontact Ktee
011K/W 0.03K/W 227 K/W

30mm 3.6 mm 7mm

T

Radiator

Absorption
@ Wm=2)

Tradiator

|

Emission
[Wm™?]

~

Tradiator

Kcontact Kradi.atnr
0.03 K/W 0.03 K/W



Harvesting Charge Controller Options

Regulator design MPPT Sync. Regulator r-

Input polarity Unipolar Bipolar ‘ M. z T
Min. harvesting 100 mV 30 mV o] 4%:“
voltage ] _

Efficiency 0.6 0.3 e
Output Unregulated  Regulated I e —,L T
Storage management Yes Partly % E

Power good output Yes Yes ) B

LTC 3109 Block Diagram



BQ25570 MPPT Charge Controller

Roki

CBYP
Charger Efficiency vs Input Voltage
100
] T
T B LBUCK L2 %0 =1 | =
oost -_——
Controller T | a 80 -l
56 ! VOUT I System | //
= Load 70 _ —
Buck | = 100 A
L | MPPT I Controller cour 1 I_ — _I ;@ 80 ( IN i
| vss - ey
\/STS)R VBAT Iﬂ = - ‘j_ § 50 I
Host Management I_ = 2 40 ’
L
| GPIO1—] 30
— > Q = Im
| ez 0 g g ° 20 VSTOR=2.0V
GPIO3:
NI g 8 8 S| pazssro 10 VSTOR=3.0V
g 0 VSTOR =55V
Rove 2| Roc e e 0 02040608 1 12141618 2 22242628 3
H Ro - Input Voltage (V)
Rov1 :E :E Routi
=



Auxiliary Slides: BQ25570 vs LTC3109

 BQ25570  LTC3109
— MPPT — fixed input impedance
— Buck converter — low-dropout regulator
P_MPPT [mW] P_LTC [mW]
—TEG 127-175-25 —TEG 127-175-25
" ——TEG 127-200-28 - —TEG 127-200-28
50 —— GNDO0 71141 3; —— GM200-71-14-16
40 ——(CP2-31-102 3 —(P2-31-102
——TEG 241-150-29 25 ——TEG 241-150-29
30 :
20 15
10 \ 1
0.5

20 15 10 5
deltaT [C]

20 15
deltaT [C]

10




Boosting Milivolts to Volts

TEG: -300 - 300mV
 Storage:3.6-4.2V

* Boost converter: BQ25570 + rectifier
* Maximum Power Point Tracking (MPPT)

Measurement
60%

50%
40%

30%

Efficiency

20%
10%

0%

BQ25570 Input Voltage [mV]



Rectification of TEG Input

Passive

Schottky diode - > 70mV forward voltage

Active

Latching relay 0.2 Q) 23 nW mechanical sensitivity

SPDT 0.7 Q 10 nW high resistance

Mosfet 0.20Q - not break before make
Gate driver et g, GO0 0L = B8

P ond +
J10_vout_en [‘ “
r 351 ehal

a_en
BQ harvester °©

= Two comparators
= 0.5 uyW quiescent power

o
ty]
B ris
RE
R7
R12
o o
5
3 S
d \
o =
comp2 g
al 1 ]
Sy &
> 2|
Q10
it
1




SPICE Simulation of NMOS H-Bridge

Comparator Gate Drivers

Rectifier

H-Bridge

Pl _pwr_input_teg
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SPICE Simulation of NMOS H-Bridge
Rectifier

Break before make not guaranteed

fO0.00m—_
V from TEG
-100.00m—:
90.00m —,
V rectified / / : \/ \
] Hysteresis
-30.00m ] T T T T T T I T ‘ T T T T I Iil T T T ‘ T T T |

0.00 500.00m 1.00

Max power loss

100.00u
9.3 nW
Power loss \
10.00E-15




Electrical Overview

TEG Assembly WSN Enclosure

Legend
Rectification —  pOWer

Boost Converter | | sense
Charging Circuit

i

WSN




Field Test Site
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Field Test — Different Thermal Guides

YES it works!

0.8mW average

power margin: 61%

43 days of testing

ETH:zurich



Long Term Energy Budget

3.62

3.61

Voltage [V]
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Power [mW]

Temperature [°C],

Diurnal Power Generation

into battery

=P
WSN average

3 4R 100

Sep 09, 12:00

Sep 10, 12:00

0.8mW mean power
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400

300

200

Voltage [mV]



40
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Temperature [°C]

20

Temperature [°C]

-10

N w
o o
o o

Voltage [mV]
g

Model Validation

Radiator Temperature

mean error of 5.7°C

air side

air side
— T wall measured
Solar radiation

—T measured

— T model with meteo data

mean error of 0.9°C

- P —

— ATTEG measured

— — ATTEG model with meteo data

TEG mean error of 42 mV
1 )
’1-',|.| N A P 7VTEG measured
l ! . - L - VTEG calculated with measured dT
1l = | — VTEG model with meteo data
I ‘ \ '
I 'r|i'-- i ol 1 Wit -|".|'|\ i T l| ‘lll‘l II.. “ il i
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ield Test — South
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Jungfraujoch Field Test — North
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Jungfraujoch Field Test — Partial Snow Cover




Long-term Evolution: Steady Charging
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Performance of TEG Generator
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MODELING ENERGY USAGE -
HARVESTING CONTROL



Harvesting Control: What is Different?

e Conventional energy management:

— How do we save energy ?

* Energy harvesting:
— When do we use energy ?
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Harvesting Control: Problem Definition

Determine decisions on the application level that

optimize the long term system behavior

sensing rate /
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Harvesting Control: System Model

energy source ES.(t) » energy storage ED (t)
T - Eo(h), —I
¢ ~ '
B R R(¢)———
estimation |F----- »on-line controllerf - == > application
e.g. M(t) i
- - - system state |« - -




Optimization: MP-Linear Programming

e Efficient run-time implementation by applying multiparametric
linear programming

e |dea: Calculate optimal solution of the mp-LP as an explicit
function of the state vector

Ep(t)

energy source . »| energy storage

B k————R(?)

estimation fF----- »lon-line controllerf- - - -+ application

e.q..M(t)

A I
| 1
| |
- - - system state |« - -




Simulation Results

* Adaptation of sensing rate
depending on energy availability
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MODELING BATTERY STATE OF
CHARGE



Battery State-of Charge Approximation
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Battery State-of Charge Approximation

Hardware D:DB
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Battery State-of Charge Approximation
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Source Independent SoC Appro\>§imation
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Abstract System As State-Machine

Hardware




States Exhibit Voltage Profile “Signature”
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Online State-of-Charge Information for
Energy-Aware Schedulmg
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Proposed Approach: Trace Generation and
Transfor[nation

A
100% |-

ge
/@

__ Cut-off Volta

Voltage

Depth of Discharge

High Load

Voltage

Depth-of-Discharge = DOD = 1 — SOC

DoD(Vpgar) = ap * V0?4 ayg * Vigr + ag
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Proposed Approach: Discharge Model

A

100% f-----35
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Drain Current
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Relative Load = RL =

79



Proposed Approach

ETH:zurich

: Charge Model

80



Proposed Approach: Charge Model

Decerans " Bulk: R
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Proposed Approach: Charge Model

Bischarging (Bulk: h
t ' 2 o 5 P %4
5 Absorption RCpyi = €1 * E + Co
a) ; T - o P
EOC('[) =S0C(t — tpuk) + RCpyx * thuik)
) ™ Absorption:
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b E Tire D7 _ >Ya
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b)

Proposed Approach: Charge Model

Discharging ( Bulk: ~
! 2 2 )4
g Absorption RCpyix = €1 * 5t +lh
éﬁC(t) = SOC (t — tpyik) + RCpypc * Lhuik)
R ™ Absorption:
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Discharge detected

Float:
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(we]

Sense
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LONG-TERM ENERGY NEUTRAL
OPERATION — CAPACITY PLANNING



Energy [Wh]
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Approximation by Astronomical Model




Energy Profile Partitions into Surplus and Deficit
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Period of Continuous Deficit Defines
Minimum Required Battery Capacity
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Period of Energy Surplus Defines Maximum
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Capacity planning for Uninterrupted
Long-Term Operation
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LONG-TERM ENERGY NEUTRAL
OPERATION - DYNAMIC POWER
MANAGEMENT



DPM knows Energy Input Profile
Used for Capacity Planning
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Performance Level Adjustment
According to Actual Conditions
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Energy [Wh]

Step 1: Approximate Energy Availability

Using History Window and Offline Model
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Step 2: Find Long-Term Performance Level
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Step 2: Find Long-Term Performance Level
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DPM Ensures Long-Term Energy Neutrality
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Caveat: Energy Availability Model
Overestimates True Conditions
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Supported Performance Level According
Model/True Conditions (no DPM)
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Clairvoyant Energy Predictor
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Recap of Today

All energy storage technologies have severe limitations
Battery technology is slow in improvement vs. Moores Law

Energy scavenging methods are widely researched
— No real breakthrough yet
— Most promising is solar and mechanical, TEGs play a side role
— Increased complexity through control

LP architectures are increasingly designed with power subsystem in mind



Today’s Hot Researcher & Paper

e Shad Roundy

— Faculty Mechanical Engineering
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— PhD University of California, Berkeley

* Very early work on energy harvesting systems

— Focus on vibration energy sources

ENERGY Danick Briand, Eri:Veatm;n:;d CH
. SCAVENGING FOR )
* Roundy, S., Wright PK, Rabaey JM 2003. Energy VgIEI;ESIJg;s ﬁ;ﬁ:’z:t?ﬁ;gy
Scavenging for Wireless Sensor Networks, -EfTW?;‘KS
Wl pecial ocus on
Kluwer Academic Publishers, Boston MA. Vibrations

D ROUNDY

* Briand, D., Yeatman, E., Roundy, S., (Eds.). PN
(2015). Micro Energy Harvesting (Advanced
Micro and Nanosystems) . John Wiley & Sons.

KLUWER ACADEMIC PUBLISHERS




	Low-Power System Design
	Plan for Today
	ReNEWABLE ENERGY Sources – Harvesting SYstems
	Energy Harvesting Basics
	Energy Harvesting Principle
	Extending the Lifetime
	Available Energy is All Around
	Ambient Energy Sources
	Energy Harvesting Sources
	Ambient Energy
Non-monotone, Unpredictable
	Power Generation & Utilization
	Technology: Solar Power
	Technology: Solar Panel Characteristics
	Technology: Micro-Fuel Cells
	Technology: Micro-Heat Engines
	Technology: Thermal Gradients
	TEG Characteristics
	Example: Thermo Electric Generator
	Powering the Voyager Spacecraft
	Technology: RF Radiation Sources
	Technology: Vibration Energy Harvesting
	Vibrations – Electrostatic Conversion
	Vibrations – Piezoelectric Conversion
	Vibration – Basic Operating Principles
	Energy Harvesting Methods - Overview
	Energy Harvesting – �Systems Integration
	Generic Energy Harvesting Design
	Integration Into Mixed Architectures
	Electric Power – Source and Sink
	Maximum Power Transfer
	Maximum Power Point Tracking
	Maximum Power Point Tracking
	Maximum Power Point Tracking
	Maximum Power Point �Under Ambient Conditions
	TEG-based Energy Harvesting (for Permasense Sensor Nodes)
	Motivation – Diurnal Temperature Differences in Rock Walls
	Motivation – Diurnal Temperature Differences in Rock Walls
	Thermoelectric Generator (TEG)
	System Concept
	System Design
	System Design Challenges
	System Overview
	Thermal Characterization: Testbed
	Thermal Modelling
	Harvesting Charge Controller Options
	BQ25570 MPPT Charge Controller
	Auxiliary Slides: BQ25570 vs LTC3109
	Boosting Milivolts to Volts
	Rectification of TEG Input
	SPICE Simulation of NMOS H-Bridge Rectifier
	SPICE Simulation of NMOS H-Bridge Rectifier
	Electrical Overview
	Field Test Site
	Field Test – Different Thermal Guides
	Long Term Energy Budget
	Diurnal Power Generation
	Model Validation
	Jungfraujoch Field Test – South
	Jungfraujoch Field Test – North 
	Jungfraujoch Field Test – Partial Snow Cover
	Long-term Evolution: Steady Charging
	Short-term Differences on Meter-scale
	Performance of TEG Generator
	Modeling ENERGY Usage – �HARVESTING Control
	Harvesting Control: What is Different?
	Harvesting Control: Problem Definition
	Harvesting Control: System Model
	Optimization: MP-Linear Programming 
	Simulation Results
	Modeling Battery State of Charge
	Battery State-of Charge Approximation
	Battery State-of Charge Approximation
	Battery State-of Charge Approximation
	Source Independent SoC Approximation
	Abstract System As State-Machine
	States Exhibit Voltage Profile “Signature”
	Online State-of-Charge Information for Energy-Aware Scheduling
	Slide Number 78
	Slide Number 79
	Slide Number 80
	Slide Number 81
	Slide Number 82
	Slide Number 83
	Slide Number 84
	Long-term Energy Neutral Operation – Capacity PLanning
	High Day-to-Day�Relatively Low Year-to-Year Variability
	Approximation by Astronomical Model
	Energy Profile Partitions into Surplus and Deficit
	Period of Continuous Deficit Defines Minimum Required Battery Capacity
	Period of Energy Surplus Defines Maximum Battery Capacity Supported by Solar Panel
	Capacity planning for Uninterrupted �Long-Term Operation
	Long-term Energy Neutral Operation – Dynamic Power Management
	DPM knows Energy Input Profile �Used for Capacity Planning
	Performance Level Adjustment �According to Actual Conditions
	Step 1: Approximate Energy Availability Using History Window and Offline Model
	Step 2: Find Long-Term Performance Level
	Step 2: Find Long-Term Performance Level
	DPM Ensures Long-Term Energy Neutrality
	Caveat: Energy Availability Model Overestimates True Conditions
	Slide Number 100
	Long-Term Energy Neutral DPM
	Clairvoyant Energy Predictor
	Recap of Today
	Today’s Hot Researcher & Paper


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



