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Energy Harvesting

Sources and Power management




Agenda

* Introduction to Energy harvesting

 Electrical characteristics of different energy sources:
— Vibration Energy, Thermal energy and Solar

« Applications
— Battery-less applications
— Battery operated applications
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Introduction

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

« “conversion of ambient energy into usable electrical energy”, also known as
energy scavenging and power harvesting

» Battery replacement is impractical, costly, or dangerous such as implants,

remote locations, etc.
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When Does Harvesting Make Sense?

1000

LITHIUM

VIERATION CONVERTER

POWER

- Harvestable energy available R e~ T~ s
ZIMC-AIR
1 LITHIUM-ION ALKALINE
o . . MNICKEL METAL (RECHARGEABLE)
« Difficult to install or power devices
« Cords/wiring too costly UFETIME YEARS)

« Difficult to reach devices for maintenance
« Numerous devices — high maintenance in the case of battery driven

« Environmentally friendliness required

One or more of these characteristics are required for

energy harvesting to make sense compared to batteries
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Characteristics of EH applications

* Ability to operate with lowest standby current to maximize storage of energy.
« Consume lowest possible power when active.

* Ability to turn on and turn off instantaneously.

« Efficient operation with lowest duty cycle of active vs. standby modes.

* Analog capability for sensor interfacing and measurements.

 Ability to operate with a low voltage range.

1000

* Lowest leaka
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VIBRATION CONVERTER

"\ SOLAR CELL
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HYDRIDE

‘o 0E 1 1.6 2 25 ] 258 4 45
LIFETIME {YEARS)

13 TEXAS
INSTRUMENTS




Energy Harvesting Block Diagram
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Vibration and Thermal Energy Harvesting

Piezoelectric

e Piezoelectric material
(AIN,or PZT) converts
mechanical strain into
electrical energy.

Electrostatic

Overlap Area (A)

zu um depth

Oscillating Mass

g

& Y

& Motion
=

Stationary Comb

¢ Vibration ->motion
of oscillating mass

e Vary A, dor g,

= Q:CV

ST S S P
"

Electromagnetic

¢ Vibration -> motion
of magnetic field;

e Current flows in the
static copper coil;

Thermocouple

lact
2 pads

Nature 413, Oct. 2001

Thermopiles

- thermally in parallel
- electrically in serial

Seebeck Effect

AT drives heat flow

Electrons and holes flow

in N-type and P-type

semiconductor materials

Electrical energy
V = a(-AT)
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RF and Solar Energy Harvesting

Power output: ~ E%/Z0

E is the electric field, V/m
Zo is the radiation resistance of free space (377 Ohms)

Example: E = 1 V/m, yield 0.26 uW/cm?

Need large collection area or close to transmitter

Photovoltaic cells

~ 100mW/cm”2 in bright sun
~ 100 uW/cm”2 in illuminated office

Energy conversion efficiency 10% ~20%
Active developing area to improve efficiency
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Energy Harvesting Sources

Energy Source Characteristics Efficiency Harvested Power
Outdoor 10 - 100 mW/cm?
Light 10~24%
Indoor 10 - 100 pW/cm?
Human ~0.1% 25 - 60 pW/cm?2
Thermal Industrial ~3% 1-10 mW/cm?
~Hz-human 4 uyW/cm?3
Vibration 25~50%
~kHz—-machines 100 - 800 pW/cm?
GSM 900 MHz 0.1 pW/cm?
RF ~50%
WiFi 0.001 pW/cm?
Seiko watch Holst Center 2 channel EEG  AdaptivEnergy  Elastometer  BigBelly
~5uW ~40uW ~1lmW ~10mWwW ~800mWwW ~40W

Imw
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Agenda

 Electrical characteristics of different energy sources:
— Vibration Energy, Thermal energy and Solar
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Vibration - Piezoelectric

* Piezoelectric material converts mechanical
strain to electrical charge

* At resonance can be modeled as a current
source with parallel capacitance and
resistance

* Requires optimized electronics to extract

maximum energy l_4-_ —T——

1.2
_Piezo Harvester z 10
] | 0 .g 0.8
k| Cp|l Rp| = 0.4
: CD —_ 3' 0.2
0.04

| T T T T T v T T T 1

L . 40 60 80 100 120

Frequency/Hz
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Electromagnetic

Vout ~15V peak value
AC signal

Harvester output

Inductive
Generator

'\,

Rectifier

Step Down
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Electromagnetic

Capacitor C1 4Q = Cp-dV
. Vmax dE :=dQ-V
“ V2
E:=| Cpvdv
" Usable Energy .|| Usable - _1a v 2
AN \ o voltage Cl total = 51 "max
range -
B =Ly S :
ARRNRRRRSN Cl_usable "= 5 -1\ "max_Cl =~ "mun_CI
FASSSSS T Vmin |
~ Lost/ Non usable _ 2
energy E(Jl_h)r‘;t - :("l Vinin
i L L4430V

Energy in Storage cap is proportional to V2
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Thermal energy

Contact
pads

N

leg
Seebeck's Law

*(dT * o)

U: Output voltage U in Volt open circuit
N: Number of leg pairs

o Seebeck coefficient Volt per Kelvin
dT: Applied temperature difference
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Solar source

* Array of PN Junctions

» Operates on Photovoltaic Effect

« Can be modeled as a current source in parallel with a diode
* Requires a MPPT
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Agenda

« Applications
— Battery-less applications
— Battery operated applications

13 TEXAS
INSTRUMENTS




Energy Harvesting Block Diagram
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Batteryless light switch application

Inductive TPS62120

Generator  Rectifier  Storage Cap
Maintenance free power supply via push-button

Problem: uC + RF can not run i S o,
directly from the harvester!
Rectifer + TPS62120 needed to
convert power!

1.8V-

18
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TPS62120, TPS62122

2V to 15V Input, 75mA |, 96% efficiency Step-Down Converter

fealures Benefits

= High efficiency in PFM mode . Above 70% efficiency @ 100uA

= 2.5V Rising/1.85V Falling UVLO Thresholds . Wide UVLO hysteresis window allows the storage of
energy in C,y until there is enough for the converter to
efficiently transfer to the output avoiding short cycling
during buck power-up

= Active Discharge Capacitor (TPS62120) =  Allows time control for power sequencing & a clear and sharp
start up voltage.

= Power Good pin (TPS62120) . Notification of output voltage being regulated when V_ is

greater than 95% of the nominal value
Auwlications

Vour=18V
= Multiple solar cells ViN= 25 Vio 15V — TP8521EDSW L 22 pH up o 75 mA
g
» Inductive energy harvesters c
out
* Low Power RF Applications . EN - Im uF
INZ=—
= Low Power Microprocessor 4.7 yF
* Industrial sensing (12V bus) o 240 k2
VouT | ‘
SGND f---- R pullup 100k
PG PWR GOOD
TPS62122EVM-586
i3 Texas
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High Efficiency

V=10V

N
N

L

50
Vo =5V,
L=18 uH,

40 LPS3015, —H
Co=47 uF

20 | 1]

0.1 1 10 100

Ig - Output Current - mA

Above 70% @ 100pA for 10V,
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SolarDC™ — Markets Segments

E®

o O R S L R
i, Pl,[nll ’2' '._3‘ '4‘ 5l

“Battery less”

« Sensing and ULP Systems
— Sensor Networks

— Kinetic and Thermal
Harvesting

« Very Small PV Panels

Solar charging

City councils
Green or off-grid BTS
Marine

Consumer

On-grid

* Residential
—  Central inverter
—  Micro converter
—  Micro inverter

*  Grid Scale
— Solar Farms
—  Commercial
— Residential

* Large Area PV Panels

I
|
|
|
|
|
|
|
|
|
|
|
|
|

] n —_— n _— n —_— n _— n —_— n I n —_— ] _— n
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Voltage

Solar panel characteristics
Maximum Power Point Tracking (MPPT)

\ VMPPT

Incrg¢asing|lllumipation

Current lsc

Current lsc

« Max Power Point (MPP) output occurs at a specific load current and output
voltage level (VMPPT)

o Ifload is less than optimal, not all power is utilized

o Ifload is more than optimal, output voltage collapses and full power cannot be delivered

« MPPT (Maximum Power Point Tracking) --> Charger output current is adjusted to
enable maximum power output of solar panel

Power
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Solar panels Characteristics

Features

T1 SolarDC IC all have one of our many MPPT

MPPT is required given the intrinsic characteristics of a PV
panel: desired point of operation of PV-panel is close to

implementation

the drop in efficiency* whereas usually system operate
further away from short-circuit where the Power curve is

flat**. To avoid the efficiency of the system to collapse

one has to use a specific feature called MPPT.

It must be noted that the MPPT is impacted by the panel

temperature, light conditions (indoor / outdoor),

incidence, light spectrum (continuous, discontinous), ...

MPPTs:

MPPT-hiccup: use the DCDC in intermittent mode letting the panel
charge the input cap around the MPP. DCDC is disabled when input
voltage too low (often taking advantage of programable UVLO)
MPPT-OLYV (Open Loop voltage aka “Constant Voltage”): system is
given a target voltage which is set externally (either at design stage or
coming from another subsystem) and will regulate current coming from
panel to stay above this set voltage.

MPPT-SC (Short Current Pulse):

MPPT-OV (Open Voltage Method)

MPPT-P&O (Perturb and Observe)

MPPT-IC (Incremental Conductance)

MPPT-TG, TP (Temperature Gradient, Temperature Parameters)

MPPT-EPP (Estimate, Perturb, and Perturb)

Voltage

Benefits

Alleviates the complexity to get the system to work

from solar panel.

Improves overall efficiency vs using panel as

current source.

Reduces $/W for PV energy (silicon improves
efficiency which in turns allows to reduce size of

panel)

|y *
|characteristics| | .
s
{
| = |
..... : LE{I }\ |
= |l i
anel — I
fficiency|*" 1 IR | B
- ] i -
Current Isc

& efficiency vs load current

Fig 1. Solar panel (I,V) curves

ower source
fficiency

\ -V |

characteristics|

o

Isc

Fig 2. Voltage source (1,V) curves
& efficiency vs load current
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TPS61200 - 0.3V Vin Synchronous Boost Converter

iﬁilllll’ﬁs Anplications

Input voltage: 0.3V to 5.5V 1-/2-/3-cell alkaline, NiCd or NiMH battery or 1-cell Li

battery powered products
» Startup into full load at 0.5V input voltage

» Fixed and adjustable output voltages:
—TPS61200: 1.8V to 5.5V (Adjustable) * Portable audio or media players
—TPS61201: 3.3V (Fixed) « Portable solar charger
— TPS61202: 5V (Fixed)

+ Single-solar cell and micro-fuel cell powered products

» Switch current limit: 1.5A (max)

» More than 90% efficiency at:
— 600mA output current at 3.3V (V,y 2 1.2V)
— 600mA output current at 5V (V,\ = 3.3V)

* Quiescent current: < 55uA

+ Package: 3x3 QFN

Typical Application

Suecial Features — e

VIN L
Integrated ‘DownMode’ enables continues operation during VIN Gl % vour

EN %l
VAUX C J_ VouT

03Vto5s5V
V |\ > Vour conditions o 10 F
3 0 uF 1.8Vto55V
. .. UVLD FBE— 0.1 uF B
» Automatic transition between Boost ;_,r ’ F

mode and Down Conversion mode H GND  PGND
possible

TPS61200 17
. 24Load disconnect during shutdown - EVM: TPS61200EVM-179

* Programmable undervoltage lockout threshold, down to 0.0V
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TPS62120 + SolarCell - Solar DCDC

FEATURES
« Thin film Solar Panel Type Sanyo 4.9V

+ CC430 MSP430 + CCRadio

« TPS62120 75mA 2V-15V VIN buck
regulator

R Data f/:

* Regulated 2.1V supply voltage for
CC430

« Transmission frequency 868MHz IMS

« Transmission bandwidth 250kBps
» Filter BW 541kHz

75-mA, 15-V step-down
consumes only 11pA

* RF Protocol length 50Byte total
« 16bit CRC
 RF Power level 0dBm

Packet Sniffer

INSTRUMENTS




TPS62120 + SolarCell - Solar DCDC

Hardware

Sanyo Solar cell
62.3mm x 37mm

75-mA, 15-V step-down
consumes only 11pA

TPSA62120

CC430F6137

‘ 74528 r;éc’r' TSA210 EVM

Low leakage CAP 330uF
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TPS62120 + SolarCell - Solar DCDC

Powered by solar panel & candle light

Performance
* Only one candle light needed
* PV voltage is still ~ 4V

« For voltage measurements
ADC12 application is running

* CC430 is running in low power
mode

» Lowest current is SuA
» Transition cycle time is ~ 2s
* RF protocol is ~ 50 bytes

« Working with PV low leakage
CAP 330uF

» Optimized firmware for low
current application
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Energy Harvesting Block Diagram
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€ Low power MSP430 & radio . | Wi @ Radio @
® Power Management and sensor interface Sensors” MSP430 CC2500

I
€ Sensor

L - o= ﬁ —
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: | ! | Management o
| ! l solar ' . PN i
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i T :
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. ! : : l
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1 H n | I

T
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I
I
I
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Energy Harvesting & Storage

« Scavenged energy is not constant

« Power not available on-demand

- High peak power not available e

« An ideal energy storage device: "
— Infinite shelf life
— Negligible leakage L N J
— Unlimited capacity —
— Negligible volume

— No need for energy conversion
— Efficient energy acceptance and delivery

...Ideal battery doesn’t exist
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Energy Storage Options

Thin Film
Li-lon Rechargeable Super Cap

Recharge Cycles 100s 5k-10k Millions

Self Discharge Moderate Negligible High

Charge Time Hours Minutes Sec-Minutes
SMT & Reflow Poor-None Good Poor
Physical Size Large Small Medium
Capacity 0.3-2500mAHr 12-700uAHTr 10-100uAHr
Environmental Impact High Minimal Minimal

31
i3 Texas
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O

Voltage

0924650 — Tr's First Multi-Cell Standalone Charger that Supports
Solar (MPPT) Solutions

\ VMPPT

Incrg¢asing|lllumipation

Current lsc

Current lsc

« Max Power Point (MPP) output occurs at a specific load current and output
voltage level (VMPPT)
o Ifload is less than optimal, not all power is utilized
o Ifload is more than optimal, output voltage collapses and full power cannot be delivered

« MPPT (Maximum Power Point Tracking) --> Charger output current is adjusted to
enable maximum power output of solar panel

Power
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Maximum Power Tracking Battery Charger
Controller for Solar Power

Solar Cell
Half Panel ~20V | System Load
1 > I ’ l ’ _T_ >
M _
% 4 J J
VCC
] bq24650 T
------------- +— VREF A
v REGN >
k| o 1 ol 1
Thermistor| TSMP HIDRY : . tt8.?}\/'(
: D atie acC
| CE 0-45C PH 1 _I vy
| e LS = @3
__________________ I LODRV | 1; I
GND
Adapter %
r STAT1 SRP T
STAT2 SRN 1
X VFB
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bg24210 Description

Features

Input Voltage Dynamic Power Management

Feature (VIN_DPM)

20V input rating, with 7.5V Over-Voltage Protection
(OVP)

1% Battery Regulation Accuracy

Up to 800mA Charge Current with 10% Accuracy
Thermal Regulation Protection for Output Current
Control

Reverse Conduction Mode to support loads connected
to VBUS pin

Low Battery Leakage Current

OUT Short-Circuit Protection

NTC Input Monitoring

Status Indication — Charging and Power Good/Present
Available in small 2Zmmx3mm SON-10 package

ﬂﬂﬂllcalms

Smart Phones

PDAs

eTablets

MP3 Players

Low-Power Handheld Devices
Auxiliary Solar Chargers
Multiple solar cells

ﬂmﬂts

Maximum Current Extraction from Solar panel using
battery tracking mode while minimizing power loss into
the IC

. Prevents collapse of Solar panel input voltage via VIN_DPM

. Power Good function active all the time power is available for
charging

. Capable of supporting normal charger applications

. Low required BOM count

bg24210
vV
S D] -N ¥ K; System
l VBUS — — Load

1uF _—l_
|-—'--:_
1
o {r]en
i i
I i
1 1
: Host :

VOPM ISET
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0924210 — Linear Solar Charger

20V max, OVP @ 7.5V 10-800 mA lcharge
bg24210 Power Present
Indication
Vin AP [ R gar
Power Source l veus I | System
d - — Load
orlLoa o V. 20V IcHe
I .
= IPG » =
| I |
EN Pin : ! en vise [T Lo ||
»High—Suspend Mode; ! RT1 ——— Reference for
| - .
»Low—Charge/Load : [ = v TS sensing
| | TEMP
Mode | Host 1 TS
Tie to PG for
Charge Auto Detection VDPM  ISET VSS =
PACK

X

/
Input Voltage Regulation Threshold
Programming
>RDPM = 1K'10K0hm, V|N_DPM = 36'5V

»Rppy>500kohm, Viy_ppy=Vrrk=Vear+100mV Charge Current Setting

(Open for Battery tracking mode for Maximum
Current Extraction with Battery Tracking)

Pack Temperature Monitoring
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0924210 Maximum Charging Current
Extraction

Charging Current

40
35
30

25 —— Low
20 +— Medium
15 Bright

Current Out

10 ¢ ‘\’\0\.\
9

3 325 35 375 4 415 4.2
VBAT (Output Voltage)
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0g24210 Efficiency vs. Input Current

Eff (%)

100.00%

90.00%

80.00%

70.00%

60.00%

50.00%

40.00%

30.00%

20.00%

10.00%

0.00%
0.000

0.020

BQ24210 Efficiency (Solar Tracking mode Vout = 3.6V)

0.040 0.060 0.080
Input Current (A)

0.100

0.120
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Energy Harvesting Block Diagram
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Prolonged battery life by
Dynamic voltage Scaling (DVS)

Different operation modes and performance allow reduction of operating
frequency and uC supply voltage, greatly reduces current consumption

MSP430 “F Version” Active Mode Current (l,,,)
Ve vs. Operating Frequency

8 1 || ==V - 3.6V /5
| 71 | —Vge- 3.3V /5/
Py 61  —ve-27v /5/
> Ve - 2.2V —
4 cc -~ & /4/ —
— - — //
3. Vee - 1.8V /% o
////
2 —
) | —
0 T T T \ \ \ \ \ \ \ \ \ \

Operating Frequency (MHz)
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Prolonged battery life by use of ultra-low Iqg LDOs

Battery run-time (in days) of With Battery With 2.2V With 2.2V With 2.2V
MSP430F2619 powered (3.0...2.2V, 0.5uALDO 1uA LDO 20uA LDO
wlo and w/ LDOs (different Iq) No LDO) TPS780xx TPS781xx

Efficiency W/ Vgar=3.0 V=2.2V 100% 73% 73% 73%
LDO Quiescence Current (lp) 0.5uA 1uA 20uA
MSP430 Active current 3.09mA 2.19mA 2.19mA 2.19mA
MSP430 Low Power current 0.6UA 0.5uA 0.5uA 0.5uA
Active Mode 1 sec/hour 5742 4373 434
Active Mode 10 sec/hour 1085 346
Active Mode 100 sec/hour 106 148

Active Mode 1000 sec/hour 10.7

Active Mode all the time 3.0

Lowest Iq of LDO is prerequisite to achieve prolonged battery life in low power applications
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Dynamic Voltage Scaling (DVS)

Discrete DVS implementation

I
1

Power
Supply

GND

2.2V -3.3V

VOUT

T
1

Ves

N

L

[

Vce

MSP430
or Equivalent

I/0

=7

DVS implementation with TPS780xXx

2.2V - 3.3V
f V|N VOUT i VCC
1uF 1uF MSP430
TPS780xx or Equivalent
o \V/ = 110
GND FT o Vss

Benefits of DVS

. Ability to switch VCC
between 2 preset voltage
levels

. Adjusting to a lower VCC
results in lower supply current
thus prolonging battery life

. Using an integrated DVS vs.
Discrete solution simplifies the
design and eliminates power
lost in the discrete components

VSET Pin allows VOUT to Toggle Between Two Factory EEPROM Preset Values
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Comparison of Battery Life
TPS780 vs. CR2032 Coin Cell

Battery
Life
(Days)
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Battery Life Comparison

Calculated assuming a MSP430 “F” Version operating @ 6Mhz.
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—4— TPS780 V¢ 2.2V (Days)
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Energy Harvesting Block Diagram

F__—____________ﬁ

& Low power MSP430 & radio | b @
€ PM and sensor interface Sensors* MSP430
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Use Case: Wireless temperature sensor

Task:
Sample sensor (via 10-bit ADC), transmits RF 2.4 GHz packet

Solar
Energy Harvester

eZ430-RF2500T
Wireless Target

45
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Use Case: Wireless temperature sensor

Task:
Sample sensor (via 10-bit ADC), transmits RF 2.4 GHz packet

* Integrating the curve yields total power required

Active Active
250pA T —> -
Standby
1 uA / t
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Ultra-Low-Power Processing
Required

« MSP430 is ideal for energy harvesting
« Low standby current <1uA

* Low active current 160uA/MHz
 |Instant off and quick wakeup time <1lus

* Integrated low power ADC for precision
measurements (great for sensors)

» Low operating voltage 1.8V to 3.6V

* Low pin leakage <50nA

» Lower power, highly integrated new products: 5xx-
based RF SoC

 Efficient 16-bit architecture with high code density
and processing power

47
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Ultra-low Power Operating Modes

CPU off
DCO on
ACLK on

35UA

LPMO

MSP430

Ultra-Low-Power MCUs
:

48

CPU off
DCO off
ACLK off
0.1pA

i LPM4
l ! = RAM retained

' LPM3
. = Standby Mode

= RTC function

L. LCD driver
= RAM retained

CPU off
DCO off
ACLK on
0.8uA

o o o o e e o -
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The Future —

no Need for Batteries nor Power Cords
p

Industrial wireless sensor network & Remote patient monitoring
(light, motion, RF) (body heat)

(Consumer wireless sensor networks 4
(light, motion)

N
pix i (Y

Structural monitoring
(motion)
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