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Energy Harvesting Transducers
Manufacturers (Advertised Product) —'ﬁ |
\

Thermoelectric Generator or Thermopile (Heat)

 Marlow Industries(EverGen), Micropelt(TE-Power),
 Perpetua (Power Puck), Nextreme(eTEG/WPG)
Piezoelectric (Motion / Vibration / Strain)

Mide (Volture), Pl Ceramics (P-876) , MicroGen (BOLT™),
Smart Materials (M8528P2,M8557P2, M8585P2),

T.M.S. AUTO PARTS CO LTD;alibaba.com
(piezo bending generators)

Photovoltaic (Light)

G24i(Indy,DOM,COM), Solar Print(SP5848 DSSC),
Panasonic(Amorton)

Galvanic (Moisture)
Components available to work with minimal voltages

Electromagnetic (Motion / Vibration / Induction)
Perpetuum(PMG FSH)

| Indy2200
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Energy Harvesting Transducers

Market Challenges ,_,#

Thermoelectric Generator or Thermopile (Heat) \\“
| * Approvals from Field Trials

))) If((( Piezoelectric (Motion / Vibration / Strain)

 High-Volume Application to
Reduce Transducer Pricing

Photovoltaic (Light)
« None - Deployed in many applications
Galvanic (Moisture)

* None - Deployed in farming operations

Electromagnetic (Motion / Vibration / Induction)
« Low-cost small disposable or re-usable transducer

©
bﬁ would enable large market in asset tracking.
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Energy Harvesting Transducers
How Much Power is Available?

Mechanical - -'I'_herrnal Radiant Biochemical
~ 100000— snurces sources sources soure:::s%g -
lﬂqﬁéff Sl

100

10

puW/em?2 or pW/ems3

A comparison of ambient energy sources (before conversion). (Source: CEA-Leti).

Ambient Energy is Only Part of the Story...
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Energy Harvesting Transducers
Power Management Challenges |
& "
Thermoelectric Generator or Thermopile (Heat)
* Vin Dynamic Range(20mV-200mV),
))) if((( * Low Impedances(3.50hms),

* Higher Impedance TEGs(150-3000hms), ’

» Thermal Impedance of TEG and System for desired DT

Piezoelectric (Motion / Vibration / Strain)
« AC Source Voltage, Vin Dynamic Range(4Vpp-200Vpp),
 High Source Impedance(80k-900kOhms)

Photovoltaic (Light)

« Maximum Power Point Operation
Galvanic (Moisture)

®
bﬁ « Low Voltage, Low Impedance

| Indy2200

Electromagnetic (Motion / Vibration / Induction)
« AC Source Voltage, Vin Dynamic Range(2Vpp-20Vpp),
« Source Impedance(4k-800kOhms)
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How Much Power is Available at the
LOAD ?

Available LOAD power depends on:
* Energy source
* Transducer
* Power conversion efficiency

- Each energy source needs to be quantified
- Each source requires an optimized transducer

- Each source requires an optimized power manager
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Solar Energy Considerations

[Light Source] Sunlight Fluorescent light

Condition lluminance (lux) Condition Hiuminance (lux)
Direct sun 100,000 to 120,000 mﬁrmmmd} Around 1,000 1046mW / m2
Bright 50,000 to 100.000 Office/conference room 300 to 800
Cloudy 10,000 to 50,000 Restaurants/coffee shops Below 200  <292mW / m?
Rain 5,000 o 20,000

07
06
05
.04
03
02
.0

Intensity dependence

E=1000 Lux

Te=25°C

E=200 Lux

E=100 Lux %

0 100 200 300 400 500 600 mv
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* Solar cell Py, depends

on Lux (lumens / m?)
(1 lux = 1.46mW of EM power at 540 terahertz / m2)

EXTECH

 Lux varies greatly from
indoors to outdoors

* Lux easily measured with
a light meter
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Solar Power Management Considerations

« Series / parallel combinations optimize panel voltages
« Maximum power point tracking / control optimizes
energy transfer
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2 ,E i Convarter E]‘u'w
g g [ “}
k]
bu lpgax
Sofar Gell
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l—--i )
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0.1 0.2 0.3 04 0.5 0.6 0.7 —
P cell voliage (Volt) |
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Solar Example #1

G24i Indoor Dye Sensitized Solar Cell (1 Volt Panel)
<K . LTC3105

Indy2200 Low Voltage Boost Converter

with Maximum Power Point Control
(min V,y 250mV)

L1
10pH

1N
100pF
| . LTC3105

MPPC PGOOD
OFF [on — SHON LoD

VOUT — 33V g’mmg”“ L _ ;r-n
lour = 20uA @ 200 lux =
lour = 200uA @ 1000 lux
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Solar Example #2

Simple Method for Charging a Battery:

LTC4071

Li lon / Polymer Shunt Battery Charging
System with Low Battery Disconnect

(Icc = 930nA, lgar pisconnect = 0.01nA)

SYSTEM LOAD

Indy4100

FLOAT = ADJ | Voo BAT
NTCBIAS

L LTC4071

o 1HF
7
GND  LBSEL

“Output™

Vout ~ Vear
lcue ~ 90uA @ 200 lux

lope ~ 450uA @ 1000 lux
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Thermal Energy Considerations
TEGs (Thermoelectric Generators)

CERAMIC

SUBSTRATE .
=
» P

L

‘Thi2E) marlow industries, inc. ®
&Y subsidiary of 11Vl INCORPORATED

[Ie PERPETUA

Power Source Technologies

. = P-TYPE
NEGATIVE () ~ CONDUCTOR SEMICONDUCTOR
TABS PELLETS

N-TYPE
SEMICONDUCTOR

POSITIVE(+) PELLETS

* VOUT proportional to temperature differential
* Need to maintain a temperature gradient across TEG
« 2> Heatsinks required
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TEG Characteristics

TEG Open-Circuit Output Voltage vs dT Maximum Pout vs dT for Different TEGs
(assumes perfect load match & 100% efficiency)
100
1,000 z 5
=
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7 ;: Vi
s ALY #
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P 7 4 any
L&) » 1
: 7 i f/
é + ./ I/‘ —+—5/8" TEG, 1.6 Ohm ESR
o i
w ——5/8" TEG /, / —#—1 9/16" TEG, 2.1 Ohm ESR

#-1 9/16" TEG 1%
218" TEG | I / —&—2 1/8" TEG, 6.5 Ohm ESR |
10 [T 0.1 I TTTTIN
0.1 1 10 100 0.1 1 10
TEG Temperature delta (Deg C) TEG Temperature delta (Deg C)

 TEG open ckt voltages are very low
* TEG output impedance also very low
 TEG’s require highly specialized power management
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Thermoelectric Example #1

LTC3108

V) ~ 20mV — 500mV

T1 4.7nF

Ultralow Voltage Step-Up Converter
and Power Manager
(min V,y = 20mV)

1:30

c1

c2

VSTORE

Voutz
PGD

oV
+

CsToRE
—vourz "L

== PGOOD

— [TC3108
T1: COILCRAFT LPR6235-1230ML o vLoo 2_2~..r vLDO
30mm x 30mm TEG 52 Voo |22 v S22
L B )
= ..I.Gnur =
O UtpUt: Vsl Vourz_en —VDLI:E_ENABLE
. WVAUX GND

Vot = 3.3V
lour = B60UA @ 10°C delta T
lour =400uA @ 30°C delta T
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Thermoelectric Example #2
Vour Current vs TEG Voltage LTC3109

1000 — Auto-Polarity, Ultralow Voltage Step-Up

EL-:_ 1:100 TRANSFORMERS —
Rfi‘hm”"F Converter And Power Manager
TEG
..,;: [THEHME{'EFLnEﬂg|cﬁggrrunevﬂmnm e
E 100 ; ' ,1 ;mu' |— C1A  Voupz [ OPTIONAL SWITCHED OUTPUT FOR SENSORS
= 470pF
p—T2 I— C2A Vout - |
= 22V - 470pF
SWA  VLDO [—g— e
Vina 2.2yF = LOW POWER
1nF LTC3109 I RADIO j
1:100 -
1, ) _l I_ Ci8 o 1o | sensors)
0 “ 470pF i ’
2300 —200 100 0 100 200 300 — ez peo
VEG (MV) - 3:-:: Vourz en
VAUX = VS1  VSTORE 2l
. Ivs2 VALX —1_ +
OUtpUt. = GND —_I:”-'FTCSTURE
* b - "= e TAma

lout =60UA @ +/-10°C delta T
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Vibration Energy Considerations
What does the vibration source look like?

Vibration v. Time

- TIME DOMAIN —:

ki W it iy o g e b

Time (5}
Figure 2: Time domain response of a commercial jumbo jet during taxiing.

- FREQUENCY DOMAIN

'thratmn'.' FI'EI]I.IEI'IE‘,' Vlhratlﬂnll' Frequency Vlhra‘tlﬂn w Frequency
x 104 g x10% grtnt
™
SLANMSTICK™ “
5
HIGH SPEED « PORTABLE » RECHARGEABLE + DATA LOGGER as| " 4
= = =
- g° £,
Sast g4 g
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<, <, <,
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1
1 H 1
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Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 5: 1-D FFTs of vibration data during cruise
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Vibration Transducers

Frequency response must match or power falls off quickly
Transducer

: ‘R
] j v
] E . L I
|| 1 .
‘ ] € v
3 w~ 100} il .
$ R
Y 110 “f; v 5-
[/ I i 1 i
: oy
£ L i :
E Pl L
o i 4 ———
i A ! i
oL e : i i
Interior and exterior wehicle vibration data on automobiles, o £ 10 20 30 40 50 H. 60
trucks and mRiRIATS. Fiezo Frequency Dependence (Hz)
Source: Adaptive Energy Corporatien Source: Advanced Cerametrics Corporation
—
O —— |
} O A D= g
1 E=
‘ z ;
TIP MASS CLAMP LINE CLAMP CONMECTOR E
1 5
i
—
Hq 1
VIBRATION | |
L @ s 1 1.5 2
BEAM SECTION FREE TO DISPLACE FIXED TO VIBRATING SURFACE T B (grans)
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Vibration Source #1 — Piezoelectric
_ i — LTC3588

CLAMP LINE —m BES —=

e 690 = Piezoelectric Energy Harvesting
Power Supply
(Icc = 900nA)

b,

Y
by

(250 ]—=| i

(131) V25w —{

' Pl 3

1 ] k‘-‘i
e (1.81 ) —— — 2X .120

v SW v
I e L —YYY T4? : ouT
sV Vour IE"J"
m OHZUI'G =t C5TORAGE CAP FEO0D = b -

QUTPUT =
— Vv DO, D1
2V N2 - VOLTAGE
—d 4.7)F GND SELECT
-1 6Y I 35531 TAD

I

OQutput:
N Vour =388V
] lgyur =200uA @ 0.25g / 40Hz

15
Operafing Voliage

© 2013 Linear Technology Linear Technology Confidential L, ELU;EAB

Power (mW)




Vibration Source #2 — Electromechanical

o
perpetuum ~ L1C3s88
Piezoelectric Energy Harvesting

Power Supply
(Eff ~90% @ V,y ~ 5V)

PMG FSH Vin ~ 3V

o
v SWp——YYY ‘-TT‘H’UUT
| 14F LTC3588-1 Vour 4TpF
f _Eﬁ‘lf IEV
= C5TORAGE CAF FeO0B = 2 -
ouTPUT -
—— V Do, D1
2V N2 ' VOLTAGE
Centre-band current versus load voltage at +20 °C —L— 4.7yF GND SELECT
[ - . e - 6Y 581 TAD
] =
G - 1 0.5g 4
—_ 0.3g l
€ -
E 4
ol 0.2g
5 | Qutput:
= 2 i []
1 0.1g
1 —_—
o0sg Vo= 3.3V
o o028 HHHHH \ 1A OuT
o v a5 oe |- = 400uA @ 0.025g !!!
LOAD VOLTAGE (V) OouT - e
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If Energy Harvesting Alone is Not Enough...
Use Energy Harvesting to Extend Battery Life:

Load gets power from either indoor solar or
Li primary cells (0.66% / year self discharge)

Eff = 74%
Sanyo AM-1417 Solar Cells (25
Y (25) —o—o— Pz1 SW L
4.8V, QUA @ 200 Lux
Popt = 37.5uW L PZ2 VOUT b——
LTC3588-1
“n B\/" 2.65V (Solar)
_ : 2.5V (Batteries)
Design Goal: Eff = 88%
Pout = 25uW @ 200 lux VIN SW L
(2.5V,10uA) oy VOUT
32Ah T LT;353§]|8'1 R, = 250k
1 GND

© 2013 Linear Technology Linear Technology Confidential L, ELUNEA(IE%



Battery Life Extender

Solar Powered Thermostat with Battery Backup

15
|| LPS5030-2230L
P21 Fi: U VOuT
] s =+ ey o
+* + l 3
1 I CaR D1 c4
_l_ __L c1 Fj-‘ _L Huna HW J_Igimm :I:im
ST BT TR T E - i
-
! ! to% o BN o 7500 .
T T o E I LTC3588EMSE-
= -
Illi-lﬂ' - r.lnu'l‘.l' = -
- VOUT ~2.5V @ 10uA)
|
: BT{ c5 éL
BATTERY TH o~ | 2 mouessn
10% m 13
i 0a0s ri Umw WIN =W = Y,
—m 1 1 100uH
(o)
BATTERY —I_”"F , Hw 5 I;I;I R, =250k
B3V STSY
0503
e [eSts peooD p=F
—I!— — o0 1 -
F LTCI3BsEMSE-
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Low Power EH + Battery Solutions
Solar Powered Thermostat with Battery Backup

LTC3588-1

| B L TC3388-1

Available Output Power:
25uW @ 200 lux

Vour = 2.5V, lgyr = 10uA

Batteries take over when
light source is gone
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Wireless MESH Network Example —
Energy Requirement as a function of TX and Neighbors

Average Energy Consumption as a function of Tx and Nelgbors

0.30000
0.25000
i 0.20000
0.15000
==l==3 NGBRS
E 0.10000 ==2 NGBRS
=] NGBR
&
0.05000
0.00000

Steady State 10 3ec Temp Tx 7 Sec Temp Tx 3 Sec Temp Tx 1 5ec Temp Tx
Mode of Operation
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Battery Life Extender - Basic System Block Diagram

__________________

Coulomb
| Counter
Battery AVAVY:
CD : 5
3.0V
N
i 3.2V .
; ' . LTC3105/
 Panel | . LTC3129
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Buck-Boost with Battery Switch-Over Circuit

Toko DEM2812C
2onF 4.7uH 2onF
| Y | FDCB3129
@200lux, 1 '}—‘ Dual PMOS 30-3.2v
= —VOUT
3V, 42uA = 126uW BST1  SW1 sWz  BsI2 s1 sz i
Vmppe=3.7V
VIN l /IN YOUT : D2 J;“ aF
a7 | 49M LTC3129
RUN G1 G2
PY Panel .
Sanyo AM-1815 Fe —VouT — CRam
Power Film SP4.2-37 MPPC ] — 3V coincel
:" PGOOD J -
4700 Dﬂ —’ >0
6.3V PWM
- § NG vee TALVC2G04
10pF 2 430 NG
GND  PGND |

— 22uF

v

« 3129 switch-over circuit switches between Battery and Solar
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Buck-Boost with Battery Switchover

File  “edical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities  Help

W zolar_cel £ Win
Wiout (to lasd) \l
r— — DmgmgarEr_ ———
=l
©opsoon: |
c2 —

imebase -4.36 g [Trigger [E0EH

Roll 1.00 sidiv) Stop 1.04%

500 kS 50 kSis]Edge  Megative
102262012 5:05:11 P

A00 rmiiidiv 1.00%idiv - a00 rmfdiy

LeCroy

» Here solar is barely able to supply load, As Vin drops, it hits RUN
threshold, part stops switching, runs off Vbat
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Extending Battery Life with Energy Harvesting

Battery Energy Consumption vs. Flourescent lllumination
LTC3129

=f==Ten Second TX
==Fhse Second TX
=l==0ne Second TX

0 100 200 300 400 S00 600 700
lllumination (LUX})

. Sanyo AM-1815 (1211)
. CR2032, 3V Lithium
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Use Energy Harvesting to Extend Battery Life

MIDE V25W MIDE V25W

I - ]

EE + 2.7VTO 16V

ACH AC2 ACt AC2 —_'I'_ SOLAR PANEL
2.7V T0 18V 22pH 27V T0 18V 22yH =
o M ] o LTC3330 o 20pH
jopF L 1pF s 224 1opF L1 SWA v

B ] B
4.74F 6Y CAP SWB 4.7)F 6V CAP SWB
1.2V T0 5V

I— Ving Vour 5 r éozn\qgo v I_ Vinz Vour * f 50mA
= ‘ = LDO_IN ‘
s N 224F o I T (S 224F

r
Py BAT SCAP : 10mF : IBV < BAT SCAP : ;OBr\T}F : ___EBV
ﬂ_ PRIMARY _L1uF 1 2V = d_ PRIMARY _LmF 1 SV =S
CELL 6V BAL N " F: CELL 6V BAL : -
i mF 1.8V T0 5.5V 3 1 1
1.8VT0 5.5V 323 outpag) 100 eN L : 250 | —<—] ouTi20] LDO EN Je— 1 ——25V 1
- 3 1 =
L —<] 120 BAT ONp— L_Z____! L —4] 120 BATONb— L= ___ !
= OPTIONAL = 3 OPTIONAL
—32 3] pP20] PGVOUT |— —4»] IPK[2:0] PGYOUT }—
4
—<| uvz0) PGLDO f—> —<]uvi30] PGLDO f—»

1.2V T0 3.6Y

L00_ouT 12/ 1086V LDO_OUT JE
| v |
AL e BT 22,F anp UM T yF 22F

1T IBV IGV ISV IB\I

. Piezoelectr-ic and- * Piezoelectric, Solar and
« Primary Cell Battery * Primary Cell Battery

=

|||—

3330 TAD1a

« AC1 and or AC2 to VOUT = BUCK
« BAT to VOUT = Buck-Boost
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Energy Harvesting Solutions

LTC Power Typical Pgyy Maximum Pgy¢
Energy source Transducers Management ICs @ Vour = 3.3V @ Vour = 3.3V
LTC3105
LTC4071
Indoor Solar Photovoltaic Cells (100cm?) LTC3129 100uW — 1mW >100mW
(200lux — 1000lux) LTC3459
LTC3330
LTC3105
LTC3588
Outdoor Solar Photovoltaic Cells (100cm?) LTC3129 1TmW — 100mW >100mW
(1000lux — 50000lux) LTC3330
LTC3108
LTC3109
Thermal TEGs (100cm3) 200uW - 1.4mW >10mW
(10°C - 30°C dT)
LTC3588
Vibration Piezoelectric (30cm?) LTC3129 50uW — 500uW
(Piezo: 0.1g — 19g) Electromechanical (200cm?3) LTC3459 500uW — 10mW >100mW
(EM: 0.025g — 0.59) LTC3330
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