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INTRODUCTION

We would like to harvest energy from the environment and store that
energy in a battery or super capacitor and thus provide a long lasting
power supply for wireless Microsystems. There are many sources of
energy in the environment that we can use including, light,
temperature difference and mechanical vibration. We also have
many devices that can convert these sources of energy into voltage
and current such as photovoltaic cells, thermopiles, thermoelectric
generators (TEG), piezoelectric generators and electromagnetic
induction devices.

This document will investigate energy conversion devices and the
power conditioning electronic circuits used between the energy
conversion devices and the storage element.
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ENERGY CONVERSION DEVICES
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Photocell
Thermoelectric (Peltier)
Thermopile (Seebeck)

Electromagnetic (Low Freq)

Vi

\

=

Piezoelectric (Low-Med Freq)
RF (High Frequency)

DC
DC
AC
AC
AC

Rochester Institute of Technology

Device Type AC or
DC

Medium (100€2)
Low (1 Q)
Low (1 Q)

Medium (100Q)

Very High (1GigQ)
Low (1 Q)

Voc@

Microelectronic Engineering

MA—

05V Varies with size
| Y Amperes

100mV Varies with size

10 mV peak Milli Amperes
10V peak Nano Amperes

1 “V peak Micro Amperes

RS
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PHOTOVOLTAIC CELL (PYV)

No light

Full light

P=IV = (7.09e-5)( 0.4)
=28.4uwatts

P/unit area =

28.4e-6/1500e-6/1000e-6
= 18.9watt/m?

Rochester Institute of Technology

Photo Diode
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No Light and Max Light Using 8X Objective Le
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SEEBECK EFFECT (THERMOCOUPLE)

#N

Seebeck effect.

Thermopile (many
thermocouples in series)

Material 1

When two dissimilar conductors are connected together a voltage
may be generated 1f the junction 1s at a temperature different from
the temperature at the other end of the conductors (cold junction)

This 1s the principal behind the thermocouple and 1s called the

AV = 0 (T g1q-Thop) + 0y (T Teg1)=(04 -0 (T - Teo10)

Hot

Cold

Where o, and ., are the Seebeck coefficients for materials 1 and 2

Table 2.6 The Seebeck Coefficients Relative to Platinum

for Selected Metals and for n- and p-Type Polysilicon

e RVIE
Bi 734
Ni -14.8
Pa -5.7
Pt 0
: Ta 3.3
Material 2 & 4
Sn 42
Mg 4.4
Ir 6.5

Note: The sheet resistance ia given for the 0. 38-pm-thick polysilicon films,
Polysilicon s an astractive matenial for the fabricanon of thermocouples and

uV/K
Ag 7.4
Cu 7.6
Zn 7.6
Au 7.8
W 11.2
Mo 14.5
n-poly (30 /) -100

n-poly (2600 Q) -450
p-poly (400 QT7) 270

thermopiles becasse of its large Seebeck coefficient

Nadim Maluf, Kirt Williams, An Introduction to
Microelectromechanical Systems Engineering, 2" Ed. 2004
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PELTIER HEAT PUMP (TEG)

Ferrotec America Corp 1] FerroTec

1050 Perimeter Rd, #202
Manchester, NH 03103

(603) 626-0700 \f  pm—

single Stoge Coolers- Imax = 3.0 Amps

TEHDDI.I.EPHHIIIEI \met
s m

53 or 25 fovzr/ n;m

63 or 93 .DEJ 030

63 or 95 m.-'n:n '0a0 | AR M
63 or ¥5 | 01/071/030 | AB.M
653 or 95 | 01/127/030 | AR

Gl or®5 | 01/128/030| &R

Type 1 Type 2 Type 3

Rochester Institute of Technology
Microelectronic Engineering
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PELTIER EFFECT (TEG)

Heat pump device that works on the gain in electron energy for
materials with low work function and the loss in energy for materials
with higher work function. Electrons are at higher energy (lower
work function) in n-type silicon.

/ / v/ /_/heat

Thermoelectric
Device (TEG)

electrons «

I

\4

Rochester Institute of Technology \} \
Microelectronic Engineering he at
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PIEZOELECTRIC ENERGY HARVESTING DEVICES

A piezoelectric material will exhibit a change in length 1n response to
an applied voltage. The reverse is also possible where an applied
force causes the generation of a voltage. Single crystal quartz has
been used for piezeoelectric devices such as gas grill igniters and
piezoelectric linear motors. Thin films of various materials (organic
and 1norganic) exhibit piezoelectric properties. ZnO films 0.2 um
thick are sputtered and annealed 25 min, 950C giving piezoelectric

Eg properties. Many piezoelectric materials also exhibit pyroelectric

properties (voltage out — heat 1n).

3
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ELECTROMAGNETIC GENERATORS (FARADAY)

A coil 1n a changing magnetic field
will generate a voltage. (Faraday’s
Law of Electromagnetic Induction)

EMF = — (Coil of N turns

Faraday’s Law of Electromagnetic Induction
EMF=-A®/At=-NAreca A /At

Microelectronic Engineering

Rochester Institute of Technology _ http://micro.magnet.fsu.edu/electromag/j ava/farad@
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MEMS DESIGN FOR ENERGY HARVESTING

Photovoltaic Cells

The white areas end up being cut
out leaving the center supported
by four serpentine springs. A
magnet glued to the center is
supported by the spring like
structure and will move in
response to vibrations.

Four green photovoltaic cells also
can generate energy.

VR
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CALCULATIONS

Rochester Institute of Technology | | | | |  22-Jun-08

Dr. Lynn Fuller Microelectronic Engineering, 82 Lomb Memorial Dr., Rochester, NY 14623

To use this spread sheet enter values in the white boxes. The rest of the sheet is protected and should not be

changed unless you are sure of the consequences. The results are displayed in the purple boxes.

Solenoid in a changing magnetic field

Faraday's Law of Electromagnetic Induction EMF = - d® / dt

EMF (Electro Motive Force) = N A AB/At emfx Av = -146|mVolts
N = number of loops N = 450
r = radius of loop r= 2|mm
A = area of loop A= 1.26E-05[m2
B initial = Initial Magnetic Flux Density B initial = 2123|Gauss
B final = Initial Magnetic Flux Density B final = 4702|Gauss
t = time to go from initial to final At= 0.01]s
Av = Amplifier Gain Av = 1

Initial and Final Flux Density is from http://www.kgmagnetics.com/calculators.asp

10000 Gauss = 1 Tesla

L1\

11

Rochester Institute of Technology
Microelectronic Engineering
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POWER CONDITIONING FOR ENERGY HARVESTING

The power conditioning electronic circuits used between the energy
conversion devices and the storage element will increase the voltage
and convert it to DC to charge the storage element.

Power
Source of Energy Energy Conditioning Storage Device
Heat, light,  ——>| Harvesting Electronics > Battery
vibration, etc. Device (Increase Voltage, Super Capacitor
Rectify, Regulate)

I motion

’I Jj/out

9_‘ T c
: gnd grlid /
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POWER CONDITIONING ELECTRONICS

Transformers can increase the voltage for ac signals. Voltage
multiplier circuits exist for AC signals. DC signals can be
switched on and off and thus create changing signals in inductors
and transformers that can increase the voltage. These higher AC
voltages can be rectified using diodes or switches and charge a
battery or super capacitor.

Transformers
1:10to 1:100

. Coilcraft Inductors
Coilcraft
202uH to 390uH /
| -
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VIBRATION ENERGY HARVESTER HARDWARE
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POWER CONDITIONING (BOOST CONVERTER)

These circuits convert a low level DC (or AC) to high level DC voltage.

v,[() L sl (va' L H[M W '\Eﬁc: Hm

Fig. 1: Schematic of & fiyback converter &

VR

Rochester Institute of Technology
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ACTIVE RECTIFICATION

Active rectification is a technique where diodes are replaced by
transistor switches in rectification circuits. This can improve
efficiency by elimination the 0.7 volt drop across the diode and
reducing the series resistance. Electronic circuits turn on the
transistor switch at the appropriate time thus the name synchronous
or active rectification.

3 14— Regulator
o QI e T

: i Oscillator = =
|

Rechiser e o e, S LEP UP CONVerter with active rectification
Heroeleerome Enemeers—and output voltage regulation /
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LINEAR TECHNOLOGY LTC3108

OPERATION

Oscillator

The LTCG3108 utilizes a MOSFET switch to form a resonant
step-up oscillator using an external step-up fransformer
and a small coupling capacitor. This allows it to boost input
voltages as low as 20mV high enough to provide multiple
regulated output voltages for powering other circuits. The
frequency of oscillation is determined by the inductance of
the transformer secondary winding and is typically in the
range of 10kHz to 100kHz. For input voltages as low as
20m\, a primary-secondary turns ratio of about 1:100 is
recommended. For higher input voltages, this ratio can be
lower. See the Applications Information section for more
information on selecting the transformer.

~

Vi

\

Charge Pump and Rectifier

The AC voltage produced on the secondary winding of
the transformer is boosted and rectified using an external
charge pump capacitor (from the secondary winding to pin
C1) and the rectifiers internal to the LTC3108. The rectifier
circuit feeds current into the VAUX pin, providing charge
to the external VAUX capacitor and the other outputs.

VAUX

The active circuits within the LTC3108 are powered from
VAUX, which should be bypassed with a 1pF capacitor
Larger capacitor values are recommended when using
turns ratios of 1:50 or 1:20 (refer to the Typical Applica-
tion examples). Once VAUX exceeds 2.5V the main Voyr
is allowed to sfart charging.

An internal shunt regulator limits the maximum voltage
on VAUX to 5.25V typical. It shunis to GND any excess
current into VAUX when there is no load on the converter
or the input source is generating more power than is

Rochester Institute of Technology .
g Microelectronic Engineering rEﬂ uired I]}r the load. j
: © February 2, 2013 Dr. Lynn Fuller |=

Page 18




Energy Harvesting

K=*

LINEAR TECHNOLOGY LTC3108

Synchronous Rectifiers

Once VAUX exceeds 2V, synchronous rectifiers in parallel
with each of the internal diodes take over the job of rectify-
ing the input voltage, improving efficiency.

Low Dropout Linear Regulator (LDO)

The LTC3108 includes a low current LDO to provide a
requlated 2.2V output for powering low power proces-
sors or other low power 1Cs. The LDO is powered by the
higher of VAUX or Vgyr. This enables it to become active
a5 500n as VAUX has charged to 2.3\, while the Vi stor-
age capacitor is still charging. In the event of a step load
on the LDO output, current can come from the main Vigyr
capacitor if VAUX drops below Voyr. The LDO requires
a 2.2yF ceramic capacitor for stability. Larger capacitor
values can be used without limitation, but will increase

the time it takes for all the outputs to charge up. The LDO
output is current limited to 4mA minimum.

N\

\

Rochester Institute of Technology

Vour

Themain output voltage on Vg ris charged from the VAUX
supply, and is user programmed to one of four regulated
voltages using the voltage select pins V51 and V52, ac-
cording to Table 2. Although the logic threshold voltage
for V51 and V52 is 0.85V typical, it is recommended that
they be tied to ground or VAUX.

Table 2. Regulated Voltage Using Pins Y51 and V52

V52 Vi Vaur
GND GND 235V
GND VALIX .
VALK GND 41V
VALK VALIX av

Microelectronic Engineering

When the output voltage drops slightly belowthe regulated
value, the charging currentwill be enabled as long as VAUX
is greater than 2.5\ Once Viqr has reached the proper
value, the charging current is turned off.

The internal programmable resistor divider sets Vg,
gliminating the need for very high value external resistors

=

| © February 2, 2013 Dr. Lynn Fuller |=
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LINEAR TECHNOLOGY LTC3108

In a typical application, a storage capacitor (typically a few
hundred microfarads) is connected to Vigyt. As so0n as
VAUX exceeds 2.5V, the Vg capacitor will be allowed to
charge up to its regulated voltage. The current available
to charge the capacitor will depend on the input voltage
and transformer turns ratio, but is limited to about 4.5mA

typical.

PGOOD

A power good comparator monitors the Vour voltage.
The PGD pin is an open-drain output with a weak pull-up
(1MC2) tothe LDO voltage. Once Vi has charged to within
7.9% ofits regulated voltage, the PGD output will go high.
If Viyyr drops more than 9% from its regulated voltage,
PGD will go low. The PGD output is designed to drive a
microprocessor or other chip I/0 and is not intended o
drive a higher current load such as an LED. Pulling PGD
up externally to a voltage greater than VLDO will cause a
small current to be sourced into VLDO. PGD can be pulled
low in a wire-OR configuration with other circuitry.

Vours

Vourz i5 an output that can be turned on and off by the
host, using the Viyre ey pin. When enabled, Vo 18
connected to V7 through a 1.3€ P-channel MOSFET
switch. This output, controlled by a host processor, can
be used to power external circuits such as sensors and
amplifiers, that do not have a low power sleep or shutdown
capability. Viqyr= can be used to power these circuits only
when they are needed.

Minimizing the amount of decoupling capacitance on
Ve will allow it to be switched on and off faster, allowing
shorter burst times and, therefore, smaller duty cycles in
pulsed applications such as a wireless sensor/transmit-
ter A small V7o capacitor will also minimize the energy
that will be wasted in charging the capacitor every fime
Vioure IS enabled.

VT has a soft-start time of about Sps to limit capacitor
charging current and minimize glitching of the main output
when Voyre is enabled. Italso has a current limiting circuit

| © February 2, 2013

that limits the peak current to 0.3A typical.
rd
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LINEAR TECHNOLOGY LTC3108

The Vguro enable input has a typical threshold of 1V
with 100mV of hysieresis, making it logic-compatible. If
Voute ey (Which has an internal pull-down resistor) is
low, U_DUTE will be off. Dri'uring II.|r.:|.|_|]g EN nigh will turn on
the Vi output. R

Note that while Vgyro ey i high, the current limiting cir-
cuitry for Vg2 draws an extra 8pA of quiescent current
from V7. This added current draw has a negligible effect
on the application and capacitor sizing, since the load on
the Vigyr2 output, when enabled, is likely to be orders of
magnitude higher than 8pA.

Short-Circuit Protection

All outputs of the LTC3108 are current limited to protect
against short-circuits to ground.

Output Voltage Sequencing

A timing diagram showing the typical charging and
voltage sequencing of the outputs is shown in Figure 1.
Note: time not to scale.

VSTORE

The VSTORE output can be used to charge a large storage
capacitor or rechargeable battery after Vi1 has reached
regulation. Once Vigy has reached regulation, the VSTORE
output will be allowed fo charge up fo the VAUX voltage.
The storage element on VSTORE can be used to power
the system in the event that the input source is lost, or
is unable to provide the current demanded by the Viour.
Vioure and LDO outputs. If VAUX drops below VSTORE,
the LTG3108 will automatically draw current from the stor-
age element. Note that it may take a long time fo charge
a large capacitor, depending on the input energy available
and the loading on Vi and VLDO.

Since the maximum current from VSTORE is limited to a
few milliamps, it can safely be used to trickle-charge NiCd
or NiMH rechargeable batteries for energy storage when
the input voltage is losi. Note that the VSTORE capacitor
cannot supply large pulse currents to Vg Any pulse load

. 0N Vigyr must be handled by the Vi1 capacitor. /
= /

| © February 2, 2013 Dr. Lynn Fuller

Page 21




/=1 Energy Harvesting #N

LINER TECHNOLOGY ENERGY HARVESTING LTC3108

LTC3108

129

SYNC RECTIFY [ REFERENCE Ve
=
1 -
Il

e 1

Vour —  CHARGE -
vSTORE —]  CoNAOL V32 PROGRAM

Ve —9

1
3

% { “ PE00D
W i
Viour BesT [\ LDO

GND [S50F) EXPOSED PAD {DAN)
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ULTRA-LOW POWER MICROCONTROLLERS

Off Mode

Cost ~$%1

16 Bit, RISC,
LOW Supply VOltage 18 to 36V MIXED SIGNAL MICROCONTROLLER

Active Mode
Standby Mode

{:’; TexAs MSP430F20x3
INSTRUMENTS MSP430F 202
HSP-!:H]FEI:H

v B i SLASSEA H—ALNGL ST NS AT A S ED ALGLIST 20H

Five Power Saving Modes e e 1 e e - aso o

Fiour Callbrated Freguaencles to =1% — MEP4IOFR002

IMhz, 100Khz, 4Khz B

- 32+Hz Crystal — MSP4IDF2012

mode 0 Active 85uA e e e ampars - 2@ - 26 o Memory

mode 2

mode 3

mode 4
Analog Input O to Vcc

»  Brownout Detachor
DESCRIFTION

. FEATURES
- + Low Supply Voitage Range 1.8V fo 3.5V +  Sertal Onboard Frogramming, Mo External
Ultra-Low Power Consumption - uwsse g ot o
- Active Mogs: 220 uA at 1 MHE, 22 V Code Protacdon by Sacurity Fuse
u - Standby Mode: 0.5 pa ' ::""WPE"‘”HUW Logic With Spy-BI-Wire
- Off Mods (RAM Retention]: 0.1 A | Itartace .
0.5uA ; o Som e g hicen
. . mﬁﬁfﬁwwmm}mm — 1KE « 2558 Flash M
O. luA " 1651 RSC Archtecius, €200 instruction i
+ Basic Clock Module CoNNgurasions: - 2KB - 2568 Flash Memory

22 FReglatars - MSPAIIF2003
+  On-Chip Comparator for Analog Signal _
u A 0 o o Shope ATy :;{BE; 256E Flash Memary
(MSF430F20x1) - LAM
1 uA + 10-8It 200-4e=ps AMD Convertsr WIth infemal - MEP4IOF2013
Rafarencs, Sampds-and-Hold, and Auboscan — 2KB - Z56B Flash Memary
(MEP430F20:2) - 1288 RAM
O 5uA « 16-5it Sigma-Delta AID Convertsr With +  Avallable In 14-Pin Plastic Small-Outiing Thin
. Differential PEA Inpute and Infsmal Reference Fackage (T550F), 14-Pin Plastic Dual infine
(M5P430F20:3) Packags {PDAP), and 16-Pin @FN
«  Universal Sertal Interfacs (UST) Supporting 5P - For Compists Moduls Descriptions, S8 the
&N [2C (MSPE30F20CE and MSPA30F20x3) MSP430XZXK Famiy Users Guids |SLALT4Y)

The Texas Instrumants MSP430 1‘anry of JI"E-D‘I\‘-F":MEF micmoontroliers consisl of several devices "EBII.I'"'Q
@fferent sets of pariphersis targeted for varous appications. The architechure, combined with fve Iow-power
ITl:l:EE|El:P'|"I‘E§;nDZIBﬂ'|E'.I'EE :IJI;E_‘ﬂ( xﬁ'p:rmm l.I'EI'I'E-"I'lEﬂFltE'EI’IE The sevice faalires a
powertd 16-bit RISC CPLU, 1540t registars, and constant generators that contrinute to maxmum code sMciency.

-
I'D pins. In addion, the MSP430F2Ix1 has a versalle analog comparaior. The MSPL0F2MZ and

MEPLIIF20e3 have bulfHn communication capablify wsing %]ta}}b:ﬂﬂ'lu'lx]a'ﬂa'ﬂ-ﬂl ]
LENR

synchinols
converter (MSP430F20%) or 3 15-0f Sgma-tetta A'D converiar (MSP430

13.6K < Rload < 6MEG ohm . :m“mmm“ﬁmﬁﬁ“ﬁﬁﬁﬂv
AD/
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LMV551/552/554 MICRO POWER OP AMP

National
Semiconductor

LMVS351/LMV552/LMV554

October 8, 2008

3 MHz, Micropower RRO Ampilifiers

General Description

The LMVEE1LMVERZ/LMVES4 are high performance, low
power operational amplifiers implemented with Mational's ad-
vanced VIPS0 process. They feature 3 MHz of bandwidth
while consuming only 37 pa of current per amplifier, which is
an exceptional bandwidth to power ratio in this op amp class.
These amplifiers are unity gain stable and provide an excel-
lent solution for low power applications requiring a wide band-
width.

The LMVE51/LMVESZ2/LMV 554 have a rail-to-rail output stage
and an input commaon mode range that extends below ground.

The LMWVES{/LMVEE2/MVESL have an operating supply
voltage range from 2.7V to 5.5V. These amplifiers can oper-
ate over a wide temperature range (-40°C to 125°C) making
them a great choice for automotive applications, sensor ap-
plications as well as portable instrumentation applications.
The LMVE51 is offered in the ultra tiny 5-Pin SC70 and 5-Pin
S0OT-23 package. The LMV5E2 is offered in an 8-FPin MS0OP
package. The LMV5EE4 is offered in the 14-Pin TSSOP.

Features
{Typical 5V supply, unless otherwise noted.)

Applications

Active filter

Portable equipment
Automotive

Battery powered systems
Sensors and Instrumentation

m Guaranteed 3V and 5.0V performance

m High unity gain bandwidth 3 MHz
® Supply current (per amplifier) 37 pA
s CMRR 93 dB
= PSRA a0 dB
m Slew rate 1 Vius
m Output swing with 100 ko2 load 70 mV from rail
m Total harmonic distortion 0.003% @ 1 kHz, 2 k2
m Temperature range —40°C to 125°C

SN

\

Rochester Institute of Technology

Microelectronic Engineering

14-Pin TSSOP
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3 12 N

NE
. LJ%;? i e
7 ]
oUT G

8-Pin MSOP

AT A ——f

R

/\

' oure

b -IM B

I #NE

Top View

20 52611

5-Pin SCTOV SOT-23

S

7 e
—
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Energy Harvesting

0.6 uA OP AMP

P—

ONDUCTOR

TS1001

q Touchstone

THE ONLY 0.8V/0.6uA RAIL-TO-RAIL OP AMP

FEATURES

Single 0.65V to 2.5V Operation
Supply current: 0 BpA (typ)

Offset voltage: 0.5mV (typ)

Low TCVgs: 20pVIEC (typ)

Ayor Driving 100k Load: 90dB (min)
Unity Gain Stable

Rail-to-rail Input and Output

Mo Output Phase Reversal

5-pin SCT70 Package

APPLICATIONS

Battery/Solar-Powered Instrumentation
FPortable Gas Monitors

Low-voltage Signal Processing
Nanopower Active Filters

Wireless Remote Sensors
Battery-powered Industrial Sensors
Active RFID Readers

Powerline or Battery Current Sensing
Handheld/Portable POS Terminals

DESCRIPTION

The T51001 is the industry’s first sub-1pA supply
current, precision CMOS operational amplifier rated
to operate at a nominal supply voltage of 0.8V.
Optimized for  ultra-long-life battery-powered
applications, the T51001 is Touchstone's first
operational amplifier in the "NanoWatt Analog™®
high-performance analog integrated circuits portfolio.
The TS1001 exhibits a typical input offset voltage of
0.5mV, a typical input bias current of 25pA, and rail-
to-rail input and output stages. The TS1001 can

operate from single-supply voltages from 0.65Y to
2.5V,

The TS1001's combined features make it an excellent
choice in applications where very low supply current
and low operating supply voltage franslate into very
long equipment operating time. Applications include:
nanopower active filters, wireless remote sensors,
battery and powerline current sensors, portable gas
monitors, and handheld/portable POS terminals.

The TS1001 is fully specified at Vo = 0.8V and over
the industrial temperature range (-40°C to +85°C)
and is available in a PCB-space saving 5-lead SC70
surface-mount package.

| © February 2, 2013 Dr. Lynn Fuller |= Page 26




BATTERIES

L Energy Harvesting

Arduino-BT running blink and serial port write
every second uses 20 mA at 3volts or 60 mW

AA Battery Stores ~2000 mAh of Charge Q
Time =Q /1=2000/20 = 100 hours

CR2032 Battery Stores ~200 mAh of Charge Q
Time = 200/20 = 10 hours

1 month 1s 720 hours
Current = Q / time

[=2.8 mA

VR

Battery Type Capacity (mAh)
D 12000
C 4000
AA 2000
AAA 1000
N 650
? Volt 500
46 Volt Lantern

Rochester Institute of Technolog
5 Microelectronic Engineering
' © February 2, 2013 Dr. Lynn Fuller
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BATTERIES

/=1 Energy Harvesting #N

Batteries in parallel doubles the capacity but maintains the same

voltage T T
' T

T T

il il

100omA 1 IRETTTIN

12v | Y

Four AA connected batteries as shown give 4000mAh at 2.4V

+

Lrergizer 1N
H e

Energizer i : .4..

= +
Rochester Institute of Technology 2000 mAh, at 1 . 2V

Microelectronic Engineering

Batteries in series doubles the voltage but maintains the same capacity

| © February 2, 2013 Dr. Lynn Fuller |= Page 28




Energy Harvesting

BATTERY LIFE CALCULATIONS

‘MCR 688 MERS Evaluation Dr. Lynn Fuller
rower Calculations for Energy Harvesting 11/6/2012
Inputs
wpply Woltage = 3 volts
Adicrocontraller Active Mode 1= 220 LI,
Adicrocantroller Standhby Mode |12 = 1 LIS,
Aicrocontraller Transmit Mode 13 = 10 T
*ercent of time Active Yo Active = 3.9 Yo
*ercent of time Standhby Y% Standby = 96 Yo
*ercent of time Transmit Y% Transmit = 0.5 Yo
tattery Capacity 0= 200 &- Hours
Calculations
‘otal of Percentages 100 Should be equal to 100%
werage Ccurrent Used | &ve = 29 L&,
ime System can run on Batteries = 3409 hiours T= Q,f |Ave
T= 142 days
= 5 months

) Transmit Time= 18.00 seconds per hour
u Transmit Period = S Ee minutes [if Transmissionis 1 second duration)

Tran=mit Rate= 0.30 Times/min {if Transmissionis 1 second duration)

| © February 2, 2013 Dr. Lynn Fuller |= Page 29




/=1 Energy Harvesting #N

STORAGE USING SUPER CAPACITOR OR BATTERY

Al prices are in 113 dollars.

| Digi-Key Part Number |P698IZI-ND Price Break Unit Price Extended Price
| Quantity Avalahle |8’522 | 3.74000 3.74
50 2.59160 129 5%
| Manufacturer |M 100 235050 23505
| Manufacturer Part Numher |EEC-35R5H474 500 174784 87302
| Description |CAP SUPER 470MF 5 5V RADIAL L.00n 162729 1.627.25
escripiion ' 5,000 { 53620 7 624.43
|Leml Free Status / RoHS Status |Lead free / RoHS Compliant 10,000 150675 15,067.50
Quantity Itemn Number Customer Reference
I PRIS0-MD j I el e Cila Itmage shown is a representation ondy.

Exact specifications should be
obtaitied from the product data sheet.

Coin type, thru hole mount, 20mm Diameter, Smm high,
0.47F, 5.5 Volt
Price $3.74 for quantity of 1, $1.63 for quantity of 1000

~ Q=CV =0.47F 5.5V =2.585 Coulomb = 0.718 mAhr
l'/ \ compare to 2032 battery with Q=200 mAhr

57 100F capacitor ~ = 2032 battery /
' © February 2, 2013 Dr. Lynn Fuller |=

Page 30




Energy Harvesting

POWER — CURRENT - TIME CALCULATIONS

EMCR 688 MEMS Evaluation
Power Calculations for Energy Harvesting

Inputs
Iupply ¥oltage W= 3 volts
Microcontraller Active Mode I1= 220 Li&,
Microcantraller Standby Mode 2= 1 NF:8
Microcontraller Transmit Mode I3 = 10 1T,
Percent of time Active W% Active = 35 %
Percent of time Ztandby % standby = 96 %
Percent of time Transmit % Transmit= 05 %
Enermy Haresting Current | harvesting = ] .,
Percent aof Titne Harvesting Available a0 S
storage Capacitor Cs= 2 F
itorage Yoltage st = = volts
Time System has been operating T= 24 hours

Calculations
Total of Percentages 100
Average Power Harvested Fave = 0.000s  |vWatt
Energy Harvested E harvested = 2184 |joules
Energy Used intime T Eused=| 15205 [joules
Energy stared intime T Estored=| 36635 |[joules
lseable Energy E available = 4000  |joules
M axi mum Energy 3tored Emax=| 25000 [joules
Awerage Current Used | duwe = a9 NF:8
Time swstem can run on stared en trs = 15 hours

Dr. Lynn Fuller
5,/19,2012

Zhould be equal o 100%

Ermax= CW2E/2
trs=C (Wstore - W) /|

| © February 2, 2013 Dr. Lynn Fuller
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K=1 Energy Harvesting #N
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VR

=

Rochester Institute of Technology

Microelectronic Engineering J
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K=1 Energy Harvesting #N

HOMEWORK- ENERGY HARVESTING

1. How can transistors be used in rectifier circuits? What is the
advantage over diodes.

2. How can an inductor and switch generate a large voltage
from a small DC voltage source?

3. Look up super capacitors at Digikey. Find capacitors that are
rated for 5 volts. What 1s the largest capacitance available.
What is the cost of a 5 volt 1F capacitor.

4. How long can a 1F capacitor supply a constant current of
10mA before the voltage drops from 5 to 4 volts?

VR

Rochester Institute of Technology

Microelectronic Engineering J
' © February 2, 2013 Dr. Lynn Fuller /
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Energy Harvesting

LTC3108 SOLAR CELL TO SUPER CAPACITOR

4~ Dot indicatas pin 1
rd

.’ c 0.236 L.DDS

6,00 +0,08
.4 ]
!
Dash
number

Charger and LDO Powered by a Solar Cell

S0LAR CELL®

* 2" DIAMETER MONOCRYSTALLINE CELL
LIGHT LEVEL = 900 LUX

TOP VIEW
GND [1] 16] GND
vauy [2] i5] sw

VSTORE [3] 14] c2
Vour [4] 13] C1
Vourz [5] [12] Vourz_en
vLDo [6] [11] vs1
PaD [7] [i0] vs2
GND [8] 9] GND

GN PACKAGE

16-LEAD PLASTIC S50F NARROW

Toax =

2.2V

125°C, Gy = 110°CAW

§— VLOO

T 0.01pF
1:20
C1 V5TORE p—
+ et % >
— 220pF F30pF Vourz —
4 —— Cc2 Ll FGO f—
— oWy VLDO
4.1V
Vour
V52
V51 Vourz en [
L VALY GND

T1: COILCRAFT LPRG6235-253PML

T

— Li-lomn

2.2uF

© February 2, 2013 Dr. Lynn Fuller
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Energy Harvesting

SPICE SIMULATION

LTC3108_ Fuller.asc
LTCZ102 - Peltier-Powered Energy Harwvester for Remote Sensor Applications
Impat: 230 Clrtpt: 2.3%

IN K1 L1 LZ A te
o Vstore

L L:,I Lq e o L3 n

C2
200p 7.5u [ c2 Yotz _EN

5 230p
=er=7 L

Sy Wout

Mote:

LY

| c4
Em
ouT

| C5

| CE ic W[OUTEQ
;E.Ep tran 2

WS “out2
LTCZ108
WEZ WLOO
WAL PO
GHO

 the simulation model is not found please update with the "Symc Release" command from the "Tools" mena.

It rem=ins the customer's responsibility to werify proper and reliable operation in the actual application.

Cormponent substitution and printed circuit board layout may significantly sffect circuit performance or relisbility.

Contzct your local sales representative for assistance, This circuit is distribcted to customers only for use with LTC parts.
Copyright & 2010 Linear Technolagy Inc. All right=s reserved.

© February 2, 2013 Dr. Lynn Fuller
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L Energy Harvesting

BREADBOARD AND TEST SETUP

Rochester Institute of Technology
Microelectronic Engineering /
| B /

| © February 2, 2013 Dr. Lynn Fuller Page 36




Energy Harvesting

LTC3105 SOLAR CELL TO SUPER CAPACITOR

”E ' Q LIC 3105

TECHNOLOGY A00mA Step-Up DC/DC
Converter with Maximurm Power
Point Control and 250mY Star-Up

FEATURES

= Low Stari-Up Voltage: 250mV

» Maximum Power Paint Contral

= Wide ¥y Range: 225mV to 5V

Auxiliary bmA LDO Regulator

Burst Mode™ Operafion: I = 24pA

Qutput Disconnect and Inrush Current Limiting
¥in = Viour Operation

Antinnging Controd

Soft Start

Automatic Power Adjust

Power Good Indicztor

10-Lead 3mm x 3mm = 0.75mm DFN and 12-Lead
M30P Packages

APPLICATIONS

Solar Powared Battery/Supercapacitor Chargars
Energy Harvesting

Remote Indusirial Sensors

Low Power Wireless Transmitters

Cell Phone, MP3, PMP and GPS Accessory Ghargers

DESCRIPTION

The LTC=3105 isa high afficiency step-up DC/DC convertar
that can operate from input woltapes as low as 225mY A
250mV start-up capability and infegratad maximum powar
pointcontraller (MPPC) enabla operation directiyfrom low
voltapa, high impedance aftermative power sources suchas
photovoltaic cells, TEGS {thermoalactnc panarztors) and
fual cells. A usar programmable MPPC set point maximizes
tha energy that can be axiracted from any powar sowrca.
Burst Mode operztion, with 2 proprietary saif adjusiing
peak currant, optimizes converter efficiancy and output
voltape ripple over all operating condifions.

Thae AUX powered 6mA LDO provides 2 regulated rail for
extamnal microcontroflers and sensors while the main
output is charging. In shutdown, | is reduced to 10pA
and intagrated thermal shutdown offars profaction from
overtemperature faults. The LTG2105 is offared in 1 0-ead
3mm « 2mim » 0 75mm DEN and 12-lsad MS0P packapas.

&7 UL 13T, LT, L Facbracdorgy, B Lirsmy kg amd Biara ) Misda ww regotersd raderrarks

wed Tar]T e w inclermrt: of Lo Tactnsizay s M o waba
aropariy of e mepaci owman

TYPICAL APPLICATION

Slagle Phobovoltale Cell Li-lom Tickie Chamger

VT

1lH

-

_n'r-'v'\j
L

o e
FHOTIMOLING | 1
=T - Iﬂh'
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H
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K=1 Energy Harvesting #N

IXOLAR SOLAR CELL - MEASURED CHARACTERISTICS

MEASURED I Cell 1 Cell2 Measured Light Intensity
Room Light at Desk Top 0.0705mA 0.0509mA 300 Lux

Close to Light Fixture 1.574mA 1.560mA XXX Lux

Highest Microscope Illuminator Setting 51.2mA  48.6mA XXX Lux

Overhead Projector 13.6mA  15mA XX Lux (~2.5mW/cm?)
Direct Sunlight Through Window 16.0mA  16.0mA 65,000 Lux

Dark Current 58.InA  17.8nA Zero

Series Resistance 1.6966Q2 1.5363Q2

Parallel Resistance >IMEG >1IMEG

(~25W/H12 — ~2_5mW/cm2) Package front-side and back-side view. IXOLAR — KXOB22-12X1

SolarBIT Pad Design. (Dimensions in millimeters)
T + IXYS _ l
j KX0B 22-12X1 11

Rochester Institute of Technology B 2 Al S Lo 2= -

. q . g - 22 -
Microelectronic Engineering
Front-side View details Back-side View details /
' © February 2, 2013 Dr. Lynn Fuller |= —
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Energy Harvesting

EXTRACT SPICE MODEL FROM I-V CHARACTERISTICS
4 D1 B=E
Photodiode - Bright Light 3
- 0.0700 Conditions:
0.0600 £ Swp: SMU1
0.0400 £ gOp: ;-ggggg
© : ep: 0.
0.0300 £ highe
= g 0.0200 £
£ 0.0100 ¢ Con: SMU2
m 0.5588n & Val: 0.0000 V
Sl -10.0000m
-0.0200 f ...
0oQ300EFE ., ., . . . oS
-1.000 -0.500 0.000 0.500 1.000
VA
Fit #1: Fit #2: Cursors: X Y
Type: Cursor Type: Cursor 1]-1.0000 -0.8191u
Slp:1.0541u SIp:0.1458 <>|0.0000 0.2350u SPICE MODEL
Yint:0.2350u Yint-0.0888 1 0.6400 4.5564m Dark Current IS = 10nA
Xint-0.2230 Xint:0.6088 > | 0.8400 0.0337 R shunt = 1/slope = 1/1.05u = ~1 MEG ohm
ICS 11:26:21 ] R series = 1/slope = 1/0.1458 = 6.86 ohm
/ 10/16/2012 AN ‘

Microelectronic Engineering

/
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Energy Harvesting

MEASURED 7MMX22MM SOLAR CELL

Solar Cell (1) - Dark Current

0.1200 Conditions:
Swp: SMU1
0.1000 L | Start: -1.0000 V
[ Stop: 1.0000 V
0.0800 ¢ Step: 4.0000m
0.0600 _ i Pts: 501
<, F )
- 0.0400 £ Con: SMU4
. Val: 0.0000 V
0.0200 F.
0.0000 £
-0.0200 £ L 1 !
-1.000 -0.500 0.000 0.500 1.000
VA
Fit #1: Fit #2: Cursors: X Y
Type: Linear None ]| 0.8000 0.0963
Slp:0.5894 <>| 0.0000 0.0581u
Y-int-0.3752 ] 0.7920 0.0916
X%-int:0.6366 ><|-1.0000 -0.1355m
ICS 14:02:07 ]
01/23/2013 N

~

Rochester Institute of Technology

Solar Cell (1) — Bright light,

Overhead projector

0.1500 Zonditions:
F Swp: SMU1
L Start: -1.0000 V
0.1000 [ Stop: 1.0000V
Step: 4.0000m
[ Pts: 501
0.0500 [
g [ Con: SMU4
Val: 0.0000 V
0.9313n[
-0.0500 [ 1 ]
-1.000 -0.500 0.000 0.500
VA
Fit #1: Fit #2: Cursors: X Y
Type: Linear None [1)0.8440 0.0971
Slp:0.4826 Hha <> 0.0000 -0.0136
Y-int-0.3102 o (> 0.8280 0.0893
X-int:0.6429 e = | -0.9960 -0.0148
[of:] 12:55:25 <
01/23/2013 AN

Microelectronic Engineering

© February 2, 2013
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K=1 Energy Harvesting #N

LTSPICE SIMULATION OF 7TMMX22MM SOLAR CELL

> SolarCell.raw o [=] B3

R2
11 V1
D1 R1 0.5
1MEG .de V1 0 .65 .0111 0 50m 10m
0 0
SolarCell %

Area=154e-6 *Small 7mm x 22mm

.model SolarCell D (IS=10e-9 N=1 Rs=0 CJO=200e-12 M=0.5 BV=400)
% | L /

| © February 2,2013 Dr. Lynn Fuller Page 41




Energy Harvesting

OUTPUT VOLTAGE AND INDUCTOR CURRENT

105 and photocell.raw

=lolx|

05 and photocell.asc

=101 x|

LTC3105 - 400rnd, Step-Up DC/OC Converter with Maximumn Power Point Control and 250 Start-Up
220 from Multiple Stacked-Cell Photouoltzic with Source Terperatura Tracking
Input: EVio 1Y Oulpubl: 33V @10mA  Output?: 2.24 @@ 6ma

L1
oy
Rd
Win Sy
Ci
(i} == 0]
104
v d SHOM ot G

Solar Cell
154u

Ri kﬂ

- Meg o e
weee AT FB
4K

Rz
00K
PGood Loo
c2
o LT30S
10p
G—{—{aux FeLDO 1> l
1p GHD tran 3

Mota: model SolarCell D[18=102-9 N=1 Re=0 CJ0=2002-12 M=0.5 EU=400]
I the simulation model is not found please updste with the *Syne Release” command from the “Tools" menu.
It remains the custorner's responsibility to verify proper and relisble operation in the actual application
Component substitition and printed circuit board layout may =igrificantly sfect circuit performance or relizbility
Cortact your local sales representative for assistance. This circuit is distributed to customers only for use with LTC parts
Copyright @ 2011 Linear Technology Inc. 81 rights reserved.

Simulation with
Photocurrent = 10mA

Rs = 0.5 ohms
Rp = infinity

| © February 2, 2013 Dr. Lynn Fuller
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Energy Harvesting

/=*

LTSPICE SIMULATION OF 7TMMX22MM SOLAR CELL

.model SolarCell D (IS=10e-9 N=1 Rs=0 CJ0=200e-12 M=0.5 BV=400)

© February 2, 2013 Dr. Lynn Fuller
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32mA

24mA-

16mA-

fma~

OmA~

-BmA-

16mA-

24mA-|

32mA-
r40mA

48mA-

m"?]m\.' 21I]|mV ZBdi SSdi 42[;mV 4EII]|mV SEIJImV ESdi
4, Solar cell B

R2
1.6 Vi
I
D1 R1
1MEG 0
0
S;IarCeII - %
Areaeisin .dcV10.65.01 11 0 50m 10m




Energy Harvesting

OUTPUT VOLTAGE AND INDUCTOR CURRENT

™ Vioutl) )] -
3.0v+ L 240mA
2k - 210ma
E44 F180mA
2.1y

-150mA
1.8y

F120mA
1.5

L 90ma
1.2y
v - 60mA
M -
|].3V_l ‘|| OmA
0.0v ‘ ‘ ‘ . -30mA

0.0s 0.2s 0.4s 0.6s 0.8s 1.0s

1 LTC3105 and photocellasc [=@[=]

LTC3105 - 400mA Step-Up DC/DC Converter with Maximum Power Point Control and 250mV Start-Up
2.3V from Muliple Stacked-Cell Phatovaltaic with Source Temperature Tracking
Input: 6Vt 1V Quiputt: 3.3V @ 10mA  Output2: 2.2V @ EmA
u

1op
I
/i Vin sw
18 c5
I D1 = u1
oW outt
ca SHON Vout = k‘ J_C‘
= Area=154u
= s T, Ty
weee [T =]
39K -
500K
PGood Loo
c2
- LTC305
10
- nux FBL0O 5
1 GHD tran§
Hote: ‘model SolarCell D {1§=10e-3 N=1 Rs=0 CJO=200e-12 M=0.5 BV=400)

If the simulation model is not found please update with the " Sync Release" command from the "Tools" menu.

It remains the customer's responsibility to verify proper and reliable operation in the actual application.

Companent subsfitufion and printed circuit board layout may sianificantly affect circuit performance o reliability

Contact your Ioeal sales representative for assistance. This circuit is distributed to customers only for use with LTC parts.
Copyright 2041 Linear Technology Inc. Al rights reserved.

Simulation with minimum
photocurrent that works
Photocurrent = 1.6 mA

Rs = 1.6 ohms
Rp = infinity

| © February 2, 2013 Dr. Lynn Fuller
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Energy Harvesting

BLOCK DIAGRAM FOR LTC3105

LTIC3105

BLOCH DI“G““ ITI (Pin Numbers for DFN Package Only)

L1

104H
P
o
L)
SHUTDOWN B swW WEL
SLE:F)-l CONTROL
AUX P
-
11l L| A 1 Cax
-T- I_ SHORT T 1uF
1_|" CONTROL —
225mV e SN —| ia CURRENT ] 5250
Lo " smmrup . L
0 5”__Em ADJUST X J;_J' ) O Cout
o — 10pF
T i , T
= SHUTDOWN E Vaux 1
s \ /
@wm
MPPC
{5} & > PEAK CURRENT
O LIMIT
Rugppe Vin— + —+ SHUTDOWN
1 Voo VALLEY CURRENT LIMIT
= > — SLEEP <
o LOGIC R3 é 2RI
[‘-l SHON - USER SHUTDOWN BURST 1 o4y oo X |
all . Al e > cuu ROL 3
]
PGOOD Ei
Vin—=—0 8
R4 R2
Vaune —_D"‘\U_— Vg :@_{ i
EXPOSED PAD —
— SLEEP =

© February 2, 2013 Dr. Lynn Fuller
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Energy Harvesting

SIMULATION FOR VOUT=5 AND VLTO=3.3

LTCHOS - 400 & Step-Up OCDC Corwerter with Maximmom Power Point Control and 2350m' Start- U
2.3 From Multiple Stacked Call Photowoltzi c with Source Termpersture Tracking
hpt: BVECAY Outpot: 3.3 @@10m e Ootpots: 220 @@ Emd,

L1

10p

VAV JES Win S

10p
CD <~  95HON ot —
SolarCell Rl J_Dl
12 1541

R3 TH=g 100
meee LY FE 1 "

SINE[00m 1004 000 2] 39K W da R2
RY 251k

3F Good LD
1Me c2 RE
LTC2105 3 R3 —— §1k

2 10
J——aus FELDO el g
1p GND ‘47
fran 2 ‘q%

Mote: rrodel SolarCell O[1%=102-9 He1 R==0 CJO=200=-12 M=0.5 Bw=400]

Fthe sirmd stion rmodel is not found please update withitbe " Sync Release” command from the "Tod 5" meru.

it rermaire the custorner's resporsibility to wenfy proper and reliable operation inthe actod spplication.

Corponent sabstibtdion and printed circuit board lawod may signifi cantly affect circuit perforrance or reliability

Cortact your local sdes representative for assistance. This circat is dstiboted to custorner s onlyfor use with LTC parts
Copyright © 2011 Linear Techndogy Inc, A1 ights resereed,
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SIMULATION FOR SINUSOIDAL ILLUMINATION

1 Tspire 1% - [| TrA105 and phatnrell plus Inad and Tineaw]
;: Zls  Wise  Hot Sathings  Simulaiion  Tool:  Windew  Help =121

IR = N AL e R = R === B el = N AR R - e I e i R

A, LTC3I05 and ahatcesl plus load and|1,82c 35 LTC3130 ar d ph ol s e arnd i i |

o b Vioutl] : : : V[v:do] : : : 112) 220mh

1 . S — A— A—— —— ——
| | .V storage C4 | : | | j

L SRTRTRR JNRES ERRTEE R RRRGRRCEETEEESERE PR Foemoe e P g SLRTEREREERSS. VEPRS Fommomemmm e b Fommmmmm e =150mA
| — VoutLDO | : | |

B B 7 A o R """ I‘]‘]‘ﬁﬁﬁijﬁ'ﬁb‘ﬁ """ Y A T - e e [~100mA

4.2v- =140mA

=120mA

=100mA

- G0mA

- G0mA

- 40mA

= 20mA

- OmA

20ma

| © February 2, 2013 Dr. Lynn Fuller |= Page 47




Energy Harvesting

SIMULATION TO OPTIMIZE TO LOW LIGHT LEVELS

LTspice I¥ - [LTC3105 and photocell plus load and Tin.asc] [_|5]
-l: Flle Edit Hierarchy Wiew Simulate Tools Window Help |2 ﬂ

E R = N QU BRI HaR | t2E M 3L 3 x0800 A op

LTC3105 - 400mA Step-Up DC/DC Converter with Maximum Power Point Control and 250mV Start-Up
3.3V from Multiple Stacked-Cell Photovoltaic with Source Temperature Tracking
Input: .6V to 1V  Output1: 3.3V @ 10mA Output2: 2.2V @ 6mA
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Note: .model SolarCell D (IS=10e-9 N=1 Rs=0 CJO=200e-12 M=0.5 BV=400)
If the simulation model is not found please update with the "Sync Release” command from the "Tools" menu.
It remains the customer's responsibility to verify proper and reliable operation in the actual application.
Component substitution and printed circuit board layout may significantly affect circuit performance or reliability
Contact your local sales representative for assistance. This circuit is distributed to customers only for use with LTC parts
Copyright © 2011 Linear Technology Inc. All rights reserved.
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Energy Harvesting

SIMULATION TO OPTIMIZE TO LOW LIGHT LEVELS
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