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Typical Vibration Harvester

 The majority of vibration harvester currently in use are
based on the piezo electric or the electro magnetic
principle.

* Piezo bulk ceramic PEGs (Piezo Electric Generator)
In form of Bi- or Trimorphs as well as Electro
Magnetic Generators, or EMGs are used for more
than 40 years as vibration harvester.

* Piezo bulk ceramic PEGs are mostly used in
resonance mode applications, advantages over EMGs
are lower dielectric losses and no moving parts

* Electromagnetic harvester, EMGs are often the choice
over PEGs, due to low price, low impedance in non-
resonant or low frequency applications and availability

https://www.smart-material.com Photos courtesy Morgan Electro, EnOcean
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New Materials for Vibration Harvester

* During the past 20 years new and improved materials
became commercially available which can be used for
vibration harvester as well:

— Piezo ceramic composites in form of Advanced Low Profile Actuators
(ALPA)

— MEMSs, also electrostatic
— Magneto strictive devices
— Thin film piezo ceramic devices

 ALPAs used as PEGs overcome some of the application
disadvantages of bulk ceramic material bi- and tri-morphs
PEGs for vibration harvester

e Focus in this presentation is on ALPAs used in PEGS

https://www.smart-material.com
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httpS'//WWW smart-material.com Photos courtesy NASA, CCC, ACX, DLR, Fraunhofer



R
4
UIA-2017 SMART ¥ MATERIAL

Advanced Piezo Composites

Outline

e Introduction

 Vibration Energy Harvester —why is it so complex?
* Piezoelectric vibration harvester design overview
 Energy Harvesting Application Examples

 Economics of using Piezoelectric composites as
vibration harvester

e Summary

https://www.smart-material.com



R
4
UIA-2017 SMART ¥ MATERIAL

Advanced Piezo Composites

Vibrations are Everywhere and in Abundance!?

o

[

Where is the energy
really coming from?

Traffic on streets, highways,
bridges

People walking in public places,
train station, airports, etc Railways

https://www.smart-material.com
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Fact 1: The laws of Thermodynamic apply!

The first law states that energy can be converted from one form to
another with the interaction of heat, work and internal energy, but it
cannot be created nor destroyed, under any circumstances.

Often heard assumptions like
— “Waste vibration energy is unlimited”

. . . -
— "We can harvest all or most of the available vibration energy” ~y-
are plain wrong.

The energy has to come from somewhere, is limited and normally or
a fraction can be harvested without impeding the system itself.

https://www.smart-material.com
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Quick energy check: Foot Steps at Grand Central

750,000 visitors per day, 31,250 per hour
Assumptions:

o Potential Energy of a person of 75kg (165Ibs)
stepping on a tile which gives in about 10mm to
convert into a bending/strain motion ~ 7.4J per step
Tile is 50cm by 50cm
Person does on average 500 steps in one hour in
the station, one step per tile all tiles are built the
same
This converts to about 19.2 kwh raw potential energy!
Typical efficiency of harvester, minus energy being
stored in the tile spring to bend back the tile, about 2%
(actually measured)

Total harvested energy ~ 384 Wh, it would power just 4
bulbs of the ~4,000 bulbs at Grand Station but at what
costs!

@

@

https://www.smart-material.com Photos courtesy PowerLeap



R
4
UIA-2017 SMART ¥ MATERIAL

Advanced Piezo Composites

Cont’d: Figure of Merit, Highways and Sneakers

o Often used example: 600 Semi trucks per hour on a
stretch of 1 mile (1.6 km) highway.
— Each truck is 80,000 Ibs (36.2t) and 50ft (15m) long

— Assumptions: Compresses the highway down 2mm each 15m
equals 712J of potential enerqgy

— Compressing each 15m over 1.6km would equal ~0.02kWh,
600 trucks per hour would generate ~12.7 kWh, potential
enerqgy for each length of the truck over 1.6km

— At assumed 2% efficiency it yields 254 Wh .
— 600 trucks travelling from LA to San Francisco (362 miles)
would yield a total ~92 kWh over a time of 6 hours
» Loading a cell phone with a harvester build into a
shoe, generating energy while walking

— Actual build insole with MFC harvester generates 2mJ or
2mWs per step usable electric energy without discomfort

— Typical iPhone 6 battery is 1810mAh at 3.82V or 24,890 Ws
— This would equal ~12 Mill. steps!!

https://www.smart-material.com
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Fact 2 : Using the correct materials and structures

Many vibration harvesting applications are
— low frequency (<5Hz),

— non-resonant excitations like foot steps, traffic, breathing, etc.
often coupled with broader bandwidth requirements

— vibrations are often transferred by “soft” materials (low e-
modulus) which result in low forces. ;

« Elastic Modulus mismatch between especially PEGs and the %
source vibration structure are often overlooked and coupling
strain from soft materials into PEGs comes often with low yields.

— Youngs modulus of PEGs using bulk ceramic are in the area of 50 to 80 GPa,
The MFC is better at 36GPa. As example textiles, leather and thermoplastics
are in the area of 2-8 Gpa.

« Cantilever and other transfer structures are often required to
couple vibrations into PEGSs, to increase the strain and optimize
strain distribution. Disadvantage is frequency selectivity.

« PEGs have at low frequencies a high electrical impedance vs.
EMGs, making it more difficult to extract electric energy efficiently

https://www.smart-material.com
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Fact 3: Piezo Harvester Efficacy — Theory and Practice

Theory of Efficacy of converting
Mechanical Energy to Electrical
Energy

 PZT coupling coefficient <70%

*  Optimum impedance matching,
electric charge extraction < 85%

« Storage and output power
stabilization (switched step
down) < 80 %

Total ~ 47% in a perfect world,
much better than solar panels!

https://www.smart-material.com

Reality of Efficacy of converting

Mechanical Energy to Electrical Energy as

of 2016

PZT coupling coefficient and losses in
interface between mechanical systems
< 30%

Impedance matching, electric charge
extraction < 85% BUT this requires
inductivities of many Henry (bulky and
not practical). Todays devices use
mostly charge coupling < 25 %

Storage and output power stabilization
(step down) < 80 % but to safe power
this are often linear circuits < 60%

Total < 4% today for non-resonant

systems, not better than solar panels!
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MFC for Vibration Energy Harvesting

e MFC — Macro Fiber Composites developed at
NASA Langley Research Center

e Also used as

— Actuator (1Hz to 10kHz)
— Sensor (0.5 Hz up to 500kHz)

 Flexible and robust, ready to use package

* Reliable, > 10° cycles as actuator and > 101!
cycles for energy harvesting*

 Broadband, allows for easy non-resonant and
resonant energy harvesting applications

 Encapsulated and fault tolerant
* Integration of electronic components possible

https://www.smart-material.com * Fraunhofer reliability test, 2007, 2011
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Vibration Harvester — Typical Design & Challenge

Vibration Harvester —
Piezoelectric device, (non-)
resonant, integrated into a
structure, frequency, periodic
and/or intermittent use

Conditioner - Integrated

Energy Management

Rectifier, Impedance Matching, Energy
Storage, Stabilizer

Electronic Consumer -
Sensor, Amplifier, Micro
Controller, Radio Transceiver

https://www.smart-material.com

E-module match, Strain
optimization (neutral
fiber, frequency,
distribution), size

Charge Output

Custom designed
Conditioner for low
frequency mandatory,
due to high electric
impedance mismatch

Power Consumption over
time, operating voltage
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Resonant vs. non-resonant harvesters

Resonant — mechanical transfer of vibration, typical
. Cantilever
> ; » Acceleration (G’s) and frequency main design input

G : :
* Mechanical transfer allows to adapt operation based on
prevalent vibration frequency

e Optimum energy harvesting at discrete frequencies
» Often bulky device, not suitable for large frequency range

Non Resonant - directly attached to strain area

 Strain and frequency is main design input

Piezo harvester is attached directly to maximum strain — area,
very small mechanical harvester possible

Normally not operating at resonance — lower yield
Capable of harvesting from broad frequency spectrum

https://www.smart-material.com
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Charge transfer in clamped device — shape counts

https://www.smart-material.com

Rectangular mechanically clamped
PZT harvester result in uneven
strain distribution over length

this might cause device internal
charge transfer between different
areas of strain and lower the overall
charge extraction

triangle shaped PZT harvester are
improving the strain distribution and
overall charge extraction



g
UIA-2017 SI\/IART‘I\/IATERIAL

; &= const F & = comst. Increased
B = COmsl.
o ol | performance

Z A Vot 23

https://www.smart-material.com



[image: image1.bmp][image: image2.bmp]

Mb=F*x  ~  (







x







F







x







l







F












[image: image1.bmp][image: image2.bmp]

4 point bending test 







Variable beam thickness 







Mb=const. 







( = const.







l/2







l







F







( = const.







Mb=F*x 







x







F







x







l







F












R
4
UIA-2017 SMART ¥ MATERIAL

Advanced Piezo Composites

Basic of PZT Materials — Depolarization as Design factor

r} standard MFC material — actuator type

Specifications SONOX | sonox | PZT |[PZT 8
P4 505 5H
Pr [uC/cm2] 30 38 33 25
d33 [10*2m/N] 289 374 593 225
d31 [10*2m/N] -123 -171 -274 -37
e coercitive stress :
Max. Pressure in 68,90 | 20,67 | 10,33 | 82,68 maximum
poling direction, i i
bonstant [MPa] depolarization
region with
Max. Pressure in 82,68 | 20,67 | 17,22 na no depolarization
poling direction
cyclic [MPa] ——
Max. Pressure 55,12 | 13,78 | 10,33 | 55,12
perpendicular to
poling direction,
constant [MPa]

L} energy harvester material — hard type

https://www.smart-material.com
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Power output @ 0.2 % compression

2000
1900

1800 \
1700 \
1600 \

1500

1400 ﬁ% —O0—5A1
1300 || —o— SP4
1200 \

1100
\

1000

0 ‘%m\
700 -
\
600 — O
500

—Oj
400 ‘

o0 o1 02 03 04 O5 O6 O07 08 09 10 11 12 13 14

eff. power output [UW]

cycles [millions]

Restriction to about 0.1% compression for longevity of softer and higher
charge yielding PZT material is important!

https://www.smart-material.com
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Tabelle1

		Leistungswerte bei 0,025% Dehnungsniveau

				10 Hertz

																														R1		R2		R3		R4		R5		R6

																														7070		568000		6820000		12200		1095000		10050000

		Nr.		Datum		Zeitdifferenz		Stunden		Frequenz		Lastspiele		U [MFC]		U [Laser]		U[1]		U[2]		U[3]		U[4]		U[5]		U[6]		P[1] eff		P[2] eff		P[3] eff		P[4] eff		P[5] eff		P[6] eff

		1		27/11/06 8:15		0		0		10.0		0		10		0.8		0.6		9.4		17.3		0.4		6.7		12.3		6.4		19.4		5.5		2.0		5.1		1.9

		2		27/11/06 16:15		8		8		10.0		288,000		10		0.77		0.6		10.6		19.7		0.5		7.2		13.0		5.7		24.7		7.1		2.3		5.9		2.1

		3		28/11/06 8:15		24		24		10.0		864,000		10		0.83		0.5		11.1		21.1		0.5		7.7		13.6		5.2		27.1		8.2		2.3		6.8		2.3

		4		28/11/06 16:15		32		32		10.0		1,152,000		10		0.89		0.6		12.8		22.5		0.5		7.9		14.4		6.4		36.0		9.3		2.6		7.1		2.6

		5		29/11/06 10:15		50		50		10.0		1,800,000		10		0.89		0.7		13.6		23.4		0.5		8.7		15.2		8.7		40.7		10.0		2.6		8.6		2.9

		6		29/11/06 19:15		59		59		10.0		2,124,000		10		0.94		0.7		12.8		22.8		0.5		8.2		14.7		8.7		36.0		9.5		2.6		7.7		2.7

		7		30/11/06 9:15		73		73		10.0		2,628,000		10		0.88		0.7		12.8		22.4		0.5		8.2		14.7		7.5		36.0		9.2		2.6		7.6		2.7

		8		1/12/06 8:15		96		96		10.0		3,456,000		10		0.84		0.7		12.8		22.4		0.5		8.1		14.8		7.5		36.0		9.2		2.6		7.4		2.7

		9		4/12/06 8:15						10.0		0		10																0.0		0.0		0.0		0.0		0.0		0.0

		10		4/12/06 17:15		105		105		10.0		3,780,000		10		0.85		0.6		12.0		20.2		0.5		7.8		14.8		7.2		31.7		7.5		2.4		6.9		2.7

		11		5/12/06 18:15		130		130		10.0		4,680,000		10		0.85		0.6		12.0		20.2		0.5		7.8		14.8		7.0		31.7		7.5		2.2		6.9		2.7

		12		6/12/06 9:15		145		145		10.0		5,220,000		10		0.85		0.6		12.0		20.2		0.5		7.8		14.8		7.0		31.7		7.5		2.2		6.9		2.7

		13		6/12/06 16:15		152		152		10.0		5,472,000		10		0.89		0.6		11.9		20.2		0.5		7.8		14.7		7.0		31.2		7.5		2.2		6.9		2.7

		14		7/12/06 9:15		169		169		10.0		6,084,000		10		0.86		0.6		11.9		20.2		0.5		7.9		14.5		7.2		31.2		7.5		2.2		7.1		2.6

		Leistungswerte bei 0,15% Dehnungsniveau

				29 Hertz

																														R1		R2		R3		R4		R5		R6

																														7070		227000		6820000		12200		412000		10050000

		Nr.		Datum		Zeitdifferenz		Stunden		Frequenz		Lastspiele		U [MFC]		U [Laser]		U[1]		U[2]		U[3]		U[4]		U[5]		U[6]		P[1] eff		P[2] eff		P[3] eff		P[4] eff		P[5] eff		P[6] eff

		1		7/12/06 11:00		0		0		29.0		0		10		0.8		7.1		41.0		40.1		4.0		23.9		35.2		898.5		925.4		29.5		163.9		173.3		15.4

		2		7/12/06 16:00		5		5		29.0		522,000		10		0.77		6.9		41.3		39.9		3.9		23.0		35.0		841.5		939.0		29.2		155.8		160.4		15.2

		3		8/12/06 8:00		21		21		29.0		2,192,400		10		0.83		6.5		39.1		37.2		3.9		23.1		35.0		746.8		841.6		25.4		155.8		161.8		15.2

		4		8/12/06 16:00		29		29		29.0		3,027,600		10		0.89		4.4		38.1		38.0		3.8		22.7		34.9		339.1		799.1		26.5		147.9		156.3		15.1

		5		11/12/06 8:00		93		93		29.0		9,709,200		10		0.89		4.3		37.6		36.5		3.8		22.7		34.9		328.3		778.3		24.4		147.9		156.3		15.1

		6		11/12/06 16:00		101		101		29.0		10,544,400		10		0.94		4.4		36.1		37.0		3.7		22.5		35.0		342.2		717.4		25.1		140.2		153.5		15.2

		7		12/12/06 8:00		117		117		29.0		12,214,800		10		0.88		4.4		37.0		38.5		3.6		23.2		34.8		342.2		753.6		27.2		132.7		163.3		15.1

		8		12/12/06 18:00		127		127		29.0		13,258,800		10		0.84		4.3		36.1		37.7		3.4		23.5		34.8		326.8		717.4		26.0		118.4		167.5		15.1

		9		13/12/06 11:00		144		144		29.0		15,033,600		10				4.5		35.5		36.0		3.5		23.0		34.6		357.9		693.8		23.7		125.5		160.4		14.9

		10		13/12/06 17:00		150		150		29.0		15,660,000		10		0.85		4.4		34.7		38.3		3.3		23.0		34.5		342.2		662.8		26.9		111.5		160.4		14.8

		11		15/12/06 10:00		191		191		29.0		19,940,400		10		0.85		4.5		35.5		37.7		3.1		22.9		33.5		357.9		693.8		26.0		98.4		159.1		14.0

		12		18/12/06 16:00		269		269		29.0		28,083,600		10		0.85		4.5		33.0		37.0		3.0		22.9		33.6		357.9		599.5		25.1		92.2		159.1		14.0

		13		19/12/06 9:00		286		286		29.0		29,858,400		10		0.89		4.5		35.0		37.7		3.0		22.8		33.2		357.9		674.4		26.0		92.2		157.7		13.7

		14										0		10		0.86

		Leistungswerte bei 0,2% Dehnungsniveau

				16 Hertz

																														R1		R2		R3		R4		R5		R6

																														7070		383000		6820000		12200		696000		10050000

		Nr.		Datum		Zeitdifferenz		Stunden		Frequenz		Lastspiele		U [MFC]		U [Laser]		U[1]		U[2]		U[3]		U[4]		U[5]		U[6]		P[1] eff		P[2] eff		P[3] eff		P[4] eff		P[5] eff		P[6] eff

		1		7/12/06 8:00		0		0		16.0		0		10		0.8				77.0						67.0				0.0		1934.5		0.0		0.0		806.0		0.0

		2		7/12/06 9:00		1		1		16.0		57,600		10		0.77				65.0						66.9				0.0		1378.5		0.0		0.0		803.6		0.0

		3		7/12/06 10:00		2		2		16.0		115,200		10		0.83				54.4						65.0				0.0		965.6		0.0		0.0		758.6		0.0

		4		7/12/06 11:00		3		3		16.0		172,800		10		0.89				53.1						65.5				0.0		920.0		0.0		0.0		770.3		0.0

		5		7/12/06 12:00		4		4		16.0		230,400		10		0.89				53.1						64.8				0.0		920.0		0.0		0.0		753.9		0.0

		6		7/12/06 13:00		5		5		16.0		288,000		10		0.94				51.3						63.7				0.0		858.6		0.0		0.0		728.5		0.0

		7		7/12/06 14:00		6		6		16.0		345,600		10		0.88				49.4						62.2				0.0		796.2		0.0		0.0		694.6		0.0

		8		7/12/06 15:00		7		7		16.0		403,200		10		0.84				49.2						61.5				0.0		789.8		0.0		0.0		679.1		0.0

		9		7/12/06 16:00		8		8		16.0		460,800		10						48.8						60.7				0.0		777.0		0.0		0.0		661.5		0.0

		10		7/12/06 17:00		9		9		16.0		518,400		10		0.85				48.8						60.0				0.0		777.0		0.0		0.0		646.4		0.0

		11		8/12/06 8:00		24		24		16.0		1,382,400		10		0.85				38.3						59.8				0.0		478.6		0.0		0.0		642.1		0.0

		12

		13

		14





Tabelle2

		

				Lastspiele		LS in Mio.		High Load		Optimale Load		Low Load		High Load		Optimale Load		Low Load

				0		0.0		6.4		19.4		5.5		2.0		5.1		1.9

				288,000		0.3		5.7		24.7		7.1		2.3		5.9		2.1

				864,000		0.9		5.2		27.1		8.2		2.3		6.8		2.3

				1,152,000		1.2		6.4		36.0		9.3		2.6		7.1		2.6

				1,800,000		1.8		8.7		40.7		10.0		2.6		8.6		2.9

				2,124,000		2.1		8.7		36.0		9.5		2.6		7.7		2.7

				2,628,000		2.6		7.5		36.0		9.2		2.6		7.6		2.7

				3,456,000		3.5		7.5		36.0		9.2		2.6		7.4		2.7

				3,780,000		3.8		7.2		31.7		7.5		2.4		6.9		2.7

				4,680,000		4.7		7.0		31.7		7.5		2.2		6.9		2.7

				5,220,000		5.2		7.0		31.7		7.5		2.2		6.9		2.7

				5,472,000		5.5		7.0		31.2		7.5		2.2		6.9		2.7

				6,084,000		6.1		7.2		31.2		7.5		2.2		7.1		2.6

				Lastspiele		LS in Mio.		High Load		Optimale Load		Low Load		High Load		Optimale Load		Low Load

				0		0.0		898.5		925.4		29.5		163.9		173.3		15.4

				522,000		0.5		841.5		919.0		29.2		155.8		160.4		15.2

				2,192,400		2.2		746.8		841.6		25.4		155.8		161.8		15.2

				3,027,600		3.0		339.1		799.1		26.5		147.9		156.3		15.1

				9,709,200		9.7		328.3		748.3		24.4		147.9		156.3		15.1

				10,544,400		10.5		342.2		717.4		25.1		140.2		153.5		15.2

				12,214,800		12.2		342.2		753.6		27.2		132.7		163.3		15.1

				13,258,800		13.3		326.8		717.4		26.0		118.4		159.2		15.1

				15,033,600		15.0		357.9		693.8		23.7		115.5		160.4		14.9

				15,660,000		15.7		342.2		682.8		26.9		111.5		160.4		14.8

				19,940,400		19.9		357.9		693.8		26.0		98.4		159.1		14.0

				28,083,600		28.1		357.9		677.2		25.1		92.2		159.1		14.0

				29,858,400		29.9		357.9		656.0		26.0		92.2		157.7		13.7

				Lastspiele		LS in Mio.		High Load		5A1		Low Load		High Load		SP4		Low Load

				0		0.0				1934.5						806.0

				57,600		0.1				1378.5						803.6

				115,200		0.1				965.6						758.6

				172,800		0.2				920.0						770.3

				230,400		0.2				920.0						753.9

				288,000		0.3				858.6						728.5

				345,600		0.3				796.2						694.6

				403,200		0.4				789.8						679.1

				460,800		0.5				777.0						661.5

				518,400		0.5				777.0						646.4

				1,382,400		1.4				478.6						642.1
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High Load

Optimale Load

Low Load

Cycles [millions]

eff. power output [µW]   x

M2814 P2 -  5A1
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High Load

Optimale Load

Low Load

Cycles [millions]

eff. power output [µW]   x

M2814 P2 -  SP4
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Low Load

Cycles [millions]

eff. power output [µW]   x
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5A1

SP4

cycles [millions]

eff. power output [µW]     x



		






https://www.smart-material.com

Efficiency
POUt Rout
77 = =
I:)q Rin + Rout
Rout >>I:ein

Pout = qu * (R _I_O;\t, )2
in out
Rout :Rin

Efficiency

Power [W]

Basics of power transfer - Compromise

1,0

9,
9,
g
SMART Y MATERIAL

Advanced Piezo Composites

0,9

0,8

0,7

0,6

0,5

0.4

0,3

0,2

0,1

0,0

0,23

0,20 +

R[out]/R[in]

m— oIt
2 Volts
3 Volts
T
4 5 6 7 8 9 10

R[out]/R[in]





Pq







P��out







I







U=Uout







Uq







R��in







R��out












R
4
UIA-2017 SMART ¥ MATERIAL

Advanced Piezo Composites

Dynamic impedance behavior for MFC M2814P2

Low Frequency impedance
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Diagramm5

		1		1

		2		2

		3		3

		4		4

		5		5

		6		6

		7		7

		8		8

		9		9

		10		10

		11		11

		12		12

		13		13

		14		14

		15		15

		16		16

		17		17

		18		18

		19		19

		20		20

		21		21

		22		22

		23		23

		24		24

		25		25

		26		26

		27		27

		28		28

		29		29

		30		30



5A1

SP4

Frequency [Hz]

Impedance [MOhms]    x

6.1213439651

11.3682102208

3.0606719825

5.6841051104

2.0404479884

3.7894034069

1.5303359913

2.8420525552

1.224268793

2.2736420442

1.0202239942

1.8947017035

0.8744777093

1.6240300315

0.7651679956

1.4210262776

0.6801493295

1.263134469

0.6121343965

1.1368210221

0.556485815

1.0334736564

0.5101119971

0.9473508517

0.4708726127

0.8744777093

0.4372388546

0.8120150158

0.4080895977

0.7578806814

0.3825839978

0.7105131388

0.3600790568

0.6687182483

0.3400746647

0.6315672345

0.3221759982

0.5983268537

0.3060671983

0.568410511

0.2914925698

0.5413433438

0.2782429075

0.5167368282

0.2661453898

0.4942700096

0.2550559985

0.4736754259

0.2448537586

0.4547284088

0.2354363063

0.4372388546

0.2267164432

0.421044823

0.2186194273

0.4060075079

0.2110808264

0.392007249

0.2040447988

0.3789403407



Tabelle1

		

				1E-16		0.5		1		1.5		2		2.5		3		3.5		4		4.5		5		5.5		6		6.5		7		7.5		8		8.5		9		9.5		10

				1E-16		0.3333333333		0.5		0.6		0.6666666667		0.7142857143		0.75		0.7777777778		0.8		0.8181818182		0.8333333333		0.8461538462		0.8571428571		0.8666666667		0.875		0.8823529412		0.8888888889		0.8947368421		0.9		0.9047619048		0.9090909091





Tabelle1

		



R[out]/R[in]

Efficiency      x



Tabelle2

		

		U		1		Volt

						Ra/Ri		0		0.5		0.6		0.75		0.9		1		1.25		1.5		1.75		2		2.5		3		3.5		4		4.5		5		5.5		6		6.5		7		7.5		8		8.5		9		9.5		10

						Ri		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10		10

						Ra		0.0000000001		5		6		7.5		9		10		12.5		15		17.5		20		25		30		35		40		45		50		55		60		65		70		75		80		85		90		95		100

		1		1 Volt		P		0		0.0222222222		0.0234375		0.0244897959		0.0249307479		0.025		0.024691358		0.024		0.0231404959		0.0222222222		0.0204081633		0.01875		0.0172839506		0.016		0.0148760331		0.0138888889		0.0130177515		0.012244898		0.0115555556		0.0109375		0.0103806228		0.0098765432		0.0094182825		0.009		0.00861678		0.0082644628

		2		2 Volts				0		0.0888888889		0.09375		0.0979591837		0.0997229917		0.1		0.0987654321		0.096		0.0925619835		0.0888888889		0.0816326531		0.075		0.0691358025		0.064		0.0595041322		0.0555555556		0.0520710059		0.0489795918		0.0462222222		0.04375		0.0415224913		0.0395061728		0.0376731302		0.036		0.0344671202		0.0330578512

		3		3 Volts				0		0.2		0.2109375		0.2204081633		0.2243767313		0.225		0.2222222222		0.216		0.2082644628		0.2		0.1836734694		0.16875		0.1555555556		0.144		0.1338842975		0.125		0.1171597633		0.1102040816		0.104		0.0984375		0.0934256055		0.0888888889		0.0847645429		0.081		0.0775510204		0.0743801653





Tabelle2

		



1 Volt

2 Volts

3 Volts

R[out]/R[in]

Power [W]        x



Tabelle3

		

		5A1		2.60E-08		F

		SP4		1.40E-08		F

		Frequenz		0.5		1		2		3		4		5		6		7		8		9		10		11		12		13		14		15		16		17		18		19		20		21		22		23		24		25		26		27		28		29		30

		5A1		12.2426879301		6.1213439651		3.0606719825		2.0404479884		1.5303359913		1.224268793		1.0202239942		0.8744777093		0.7651679956		0.6801493295		0.6121343965		0.556485815		0.5101119971		0.4708726127		0.4372388546		0.4080895977		0.3825839978		0.3600790568		0.3400746647		0.3221759982		0.3060671983		0.2914925698		0.2782429075		0.2661453898		0.2550559985		0.2448537586		0.2354363063		0.2267164432		0.2186194273		0.2110808264		0.2040447988

		SP4		22.7364204417		11.3682102208		5.6841051104		3.7894034069		2.8420525552		2.2736420442		1.8947017035		1.6240300315		1.4210262776		1.263134469		1.1368210221		1.0334736564		0.9473508517		0.8744777093		0.8120150158		0.7578806814		0.7105131388		0.6687182483		0.6315672345		0.5983268537		0.568410511		0.5413433438		0.5167368282		0.4942700096		0.4736754259		0.4547284088		0.4372388546		0.421044823		0.4060075079		0.392007249		0.3789403407





Tabelle3

		



5A1

SP4

Frequency [Hz]

Impedance [MOhms]    x
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C-to-C Energy Extraction Loss Problem

~ With Q = CU and E = %2 C*U2 =>
-1
UC1+C2 SRZ. UCl
Energy in C1 and C2 after closing switch = 25% each,

. Cl — C2
MFC Conditioner _ _ _
25% Is maximum energy extraction!

C1 = C2 optimum energy transfer

Extracting the generated electric charge from the PEG is one of the most

important design steps to optimize efficacy:
« Correct impedance matching, especially < 10Hz
» Wideband harvesting requires adaptive impedance matching
« Capacitive vs. inductive charge extraction

A good electronic design can make all the difference between a mediocre
efficacy for a Conditioner of < 10% to a well adapted design with more than
70% (inductivity based).

https://www.smart-material.com
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Operational modes

Vibration
Synchronous

Power requirements
are synchronous with
vibration and
maximum power
needed is always
< harvested energy

simple sensors,
RFIDs, Visual
feedback
applications

https://www.smart-material.com

Vibration
Synchronous &
Burst

Power requirements
are synchronous with
vibration, intermittent
powers bursts are >
harvested energy
requiring energy
storage

Intermittent Radio
transmitter “telemetry”
devices, SHM

9,
9,
g
RT Y MATERIAL

||||||||||||||||||||||||||||||||||

and energy requirements

Vibration
Asynchronous

Power requirements
continuously,
Vibration is
intermittent and/or
varies over time, long
term energy storage
and management

Complex Structural
Health Monitoring
Devices, Storing

RFIDs, Event

Monitoring Devices
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Summary of Design Challenges using a PEG

* High internal impedance, especially at low frequencies < 10Hz
require good or adaptive impedance matching.

« Extraction electronics, often called Conditioners need to be
cost effective and of small form factor, often leading to a
charge coupled design (inductivities to bulky), which in return
lowers efficacy.

* In a clamped condition, strain distribution needs to be
addressed with for example triangle shaped PEG designs or
special mechanical fixtures to prevent asymmetric
strain/charge distribution.

 Maximum strain and material dependent depolarization limits
have to be considered.

« Harvesting energy from intermittent vibration sources or to
allow burst consumer events require additional energy storage
(super cap, battery).

https://www.smart-material.com
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Outline

e Introduction

e Vibration Energy Harvester — why is it so complex?
* Piezoelectric vibration harvester design overview

« Energy Harvesting Application Examples

 Economics of using Piezoelectric composites as
vibration harvester

e Summary

https://www.smart-material.com
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Smart Tile from POWERIeap

e > Rigid Surface

L » Foam Sealing Joints
@ e > Bending Piezoelectric Shim

......... » Rugged Frame

Detail A Detail B

i .,
_ — L 3 ® OWERleap

Harvests 6mJ per step with two M8585P2

httpS//WwwsmaI’t-materIBJCom POWERIeap Inc. | 2011 © All rights reserve: d
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Bell Helicopter Pitch Link Harvester

« Bell M412 pitch link, harvesting energy during
flight from small vibration of the link
» Harvested energy used for MicroStrain
structural health monitoring data system
transmitting critical rotor data to cockpit
e Cantilever PEGs or EMGs not feasible due to
« High rotational forces of > 500G,
o weight
* low profile required
e Customized MFC Array for easy
adaptation to pitch link
» Harvested energy from broad bandwidth
excitation about 410uWs during flight
» Harvested energy sufficient for structural health
monitoring
e This enables an on-board wireless load sensor
to operate perpetually without battery
maintenance.

https://www.smart-material.com Pictures and data © MicroStrain Corporation, 2007

9,
9,
g
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Energy Harvesting Applications

 MFC positioned at bending zone

» Optimized GFC structure for an excellent
reliability

» Typical energy generated per step:
1.5mJ

e Energy harvested sufficient for
sending ~ 3 datagrams/step

Possible Applications:
* Pedometer

» Foot health monitoring during Expeditions
Shoe insole with strain optimized MFC generator (Wammg of frost bites, constant wet, )

» Patient/Person tracking

» Medical controlling

https://www.smart-material.com
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Self-Powered Fish Tags

» Development at Pacific Northwest National Laboratory, USA to study
the behaviors and migration patterns of fish for longer periods of time.

* Implantable beam with a MFC and transmitter electronic. Beam is
surgically inserted just under skin near each fish's rear dorsal fins.

 MFC harvester powers an Ultrasound transmitter operating completely
autonomous and sending ultrasound signals to track movement as long
as fish swims.

« Battery powered tags not allowing for enough tracking time.
» Tested on live trouts and sturgeons

PNNL's self-powered fish-tracking tag comes
in two lengths to accommodate differently
sized fish: 100 and 77 millimeters, or about
11 to 14 grains of long rice placed head-to-
head.

. Copyright: Pacific Northwest National Laborator
https://www.smart-material.com Py y
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Outline

* Introduction

e Vibration Energy Harvester — why is it so complex?
* Piezoelectric vibration harvester design overview
 Emerging Energy Harvesting Application Examples

e Economics of using Piezoelectric composites as
vibration harvester

e Summary

https://www.smart-material.com
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Comparison MFC Energy Harvester vs. Batteries

MFC P2 type Battery
with CL-50 Li-Manganese

Lifetime 5 years ++ ++
Lifetime 10 years ++ -
Maintenance Free ++ +
Acquisition cost - ++
Cost incl. Maintenance

(>5 years) ++ -
System integration -[+ ++
Wide temperature range ++ -
Self sufficient (requires vibration) ++
Green Product (+) -
Weight ++ +

https://www.smart-material.com

* only batteries no rechargeables
considered, due to high discharge
ratio

 temperature range for MFC -40 to
100C

* CL-50 energy harvesting
conditioner, 3.3V output up to
200mwW

 Battery is CR123

» Green product is referencing
amount of non-degradable waste,
toxicity

* Maintenance references
exchange of parts
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Energy Extraction — PEG’s, EMG's yields comparable

PEGs and EMGs show dual values of parameters for extracting energy from
vibrating system:

« PEGs
— Lower coupling coefficient
— Higher impedance yielding low resistive losses

— PEG size (generator volume) can be scaled with little changes in
parameters

e EMGs
— Higher coupling coefficient
— Higher electric losses due to coil inductivity

— Decreasing size of EMGs decreases efficiency due to coil design and
losses

EMGs and PEGs characteristics indicate two different operational points
which can extract theoretically similar energy levels, with PEGs gaining with
decreasing generator size*.

EMGs are often the more economic solution!

https://www.smart—material.com * E. Arroyoa,*, A. Badela, F. Formosaa, Y. Wub, J. Qiub
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Summary

 The laws of Thermodynamic need to be always considered if designing a
piezoelectric harvester.

 Low profile piezo composite actuators (ALPA) are offering improvements over
standard PZT bi- and tri-morphs in vibration energy harvesting applications due
to increased flexibility, robustness and life time.

 ALPAs have also advantages for non-resonant energy harvesting by applying
them directly to vibration nodes, allowing for a complete solid state approach.

« Intrinsic high impedance of piezo ceramic harvester at low frequencies require
special designed Conditioner circuits.

« Charge coupled Conditioner or extraction circuits forego 50% of generated
electrical energy due to physics.

« Typically EMGs and PEGs have similar energy extraction rates as vibration
harvester. EMGs are in many applications the more cost effective solution.

 PEGs, if properly designed, have especially advantages in high G force and
hazardous environments.

https://www.smart-material.com
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