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1. Abstract

This paper describes the implementation of LabVIEW software to control instruments and
acquire data from a piezoelectric energy harvesting test station which is based on a cantilever
structure. The experiment is run in the Clean Energy Laboratory on the Ambient Energy
Harvester Test Station. A digital multimeter, a programmable resistance selector, an arbitrary
waveform generator, a shaker table, an accelerometer and a laser displacement sensor are used to
control and acquire data in terms of harvested energy as a function of vibration frequency,
vibration level and load resistance. LabVIEW software is used to control the test station which
makes near real-time data measurements, displays waveforms on a PC screen, and stores data for
later analysis. Acquired waveforms are presented in terms of frequency versus voltage of the
vibrating cantilever at preselected ranges of load resistances in terms of either AC or DC
voltages. The vibration of the cantilever beam is measured with an accelerometer and beam
movement is measured with a laser displacement meter. Test results are stored in a comma
separated variable text file which can be imported into any data analysis software package. All
experiments are performed on an isolated optical bench to avoid interference from mechanical
noise that may exist in the surrounding environment. The systems provides an integrated
approach to characterize key performance indicators for energy harvesting materials and devies.
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2. Introduction

Recent developments in ultra-low power microelectronic devices such as wireless sensor
nodes (WSNs), active radio-frequency identification (RFID), and nano-transducers lead to
increased demands for piezoelectric energy harvesting applications [1] to provide self-powered
systems. The conversion of low-grade ambient environmental energy, such as mechanical
vibration or heat, into useable electric energy is known as ‘energy harvesting’ or ‘energy
scavenging’. Sensors nodes are widely used in a number of applications such as: security
networks, structure health monitoring, and many military applications [2]. These active sensors
require a self-contained power supply which in most cases is the conventional battery pack. The
task of replacing the battery is not practical and cumbersome for remote locations or inaccessible
locations including ‘limited access’ or ‘no access structures’ and toxic environments. The need
to replace batteries can also be time-conuming and complex to manage, particularly for systems
where a large numbers of sensors are to be deployed. The recent development of ultra-low power
microelectronic devices and sensors has steered the researchers to the design of passive self-
power devices using energy harvesting techniques. Mechanical vibration energy generated via
machine and the motion of biological systems is one form of wasted energy that could be
harvested. The most popular vibration energy harvesting technique is to capture power from the
electrostatic [3-7], electromagnetic [8-12], piezoelectric [13-16], and magnetostrictive [17-20]
vibration energy harvesters (VEHs). The most current VEH devices are based on cantilever beam
structure which generates continued or intermittent resonance frequency tuning. A typical
piezoelectric cantilever beam (PCB) can produce maximum power when its resonance frequency
matches the frequency of the vibration source [21]. In a number of cases the vibrations to be
harvested consist of a range of frequencies and researchers have proven that the resonance
frequency of a PCB can be changed by using a variety of different approaches such as, changing
the geometrical PCB structure [22, 23], adding a dynamic magnifier [24-27], using energy
harvesting cantilever arrays [28-30], and using external magnetic forces [21, 31-36]. To date,
there are a number of researchers that have attempted to capture power from passive tuning by
magnetic coupling with a piezoelectric cantilever beam [21, 32-36]. For example, by applying a

magnetic force that acts above the PCB it is possible to decrease the spring constant and the



resonance frequency of the PCB [21, 31], while applying an attractive magnetic force along the
axis of the PCB applies axial tension, and increases the resonance frequency [37].

In a typical vibrational energy harvesting system the mechanical energy, such as the
applied external force or acceleration, is converted into mechanical energy in the host harvesting
structure. Electrical energy is then produced by use of piezoelectric material that converts strain
into an electric charge which is finally transferred to a storage medium for later use. Thus, there
are three basic processes in vibration harvesting: (i) conversion of the input vibration energy into
mechanical energy (mechanical strain), (ii) electro-mechanical conversion (piezoelectric
transduction), and (iii) electric energy transfer. It is worth mentioning that piezoelectric energy
harvesters offer a number advantages compared to other transduction mechansims, including
high energy conversion, high energy density, high output voltage but low current level, and high
output impedance including ease of integration with other systems [38]. The performance of
piezoelectric energy harvesting device based on a PCB is evaluated via determination of mainly
the resonance frequency of the structure at a variety of electrical and mechanical loads. Thus,
measuring input and output voltages, acceleration, displacement, and frequency of vibration are
desired practical parameters to fully characterize a piezoelectric energy harvester.

This work presents an automatic measurement station, which is designed and
implemented to measure and characterize each part of a vibration-based piezoelectric energy
harvesting system separately, as well as the complete system as one module. The designed
measurement station allows systematic data acquisition and graphically display in near real-time
the characterization data. The system and can be utilized for the measurement and the
comparison of different systems, mechanisms, and designs. The automation of measurement
station and control of all the peripheral equipment such as measurement instruments and
programmable discrete resistor selector is achieved via LabVIEW from National Instruments
through USB and RS232 interfaces available in all instruments without the need of a signal
going through usual data acquisition (DAQ). The same software (LabVIEW) performs the
processing and storage of acquired data including displaying important parameters graphically.
This effective approach, makes the characterization processes effective and efficient without

operator intervention at every stage.



3.  Architecture of a Piezoelectric Energy Harvesting Station

The test station was set up as shown in Figure 1. The experimental set-up consists of a
small-mechanical shaker (Bruel and Kjaer Model Type 4810) and function generator (Agilent /
Keysight 33500B) to produce a range of vibration frequencies and a high-power amplifier (Bruel
and Kjaer Model 2718) to create the cyclic force of the required magnitude and frequency.
Accelerometer sensors were employed to measure the vibration acceleration (sensitivity of
accelerometer sensor is 100 mV/g). A multimeter (Keithley Model 2110) was used to measure
the output voltage from the harvester and a laser displacement meter (MTI Model Microtrack II)
to measure the displacement of the cantilever beam. An IET PRS-2000 Programmable
Resistance Substituter (PRS) was used to add and electrical load in the harvester circuit. Data
acquisition of the acceleration sensors was achieved via a Picoscope (Pico-Technology Model
4224). To avoid any interference from the noise in the surrounding environment, all experiments
were performed on an isolated optical bench. When the piezoelectric harvester is subjected to
vibrations by the experimental setup it produces an AC electrical output and the output signal
from the harvester is connected to a programmable resistance selector or an AC-DC circuit with

a capacitive load.

Laser Beam
Microtrack Il
MTI - -

i
‘ m | |V :
4} Control
- = Function

Generator
PZT
Clamped side
Vibration < /

base Teell
\\‘,?

Accelerometer l:"p:f:r
Briel & Kjaer i

w0 [T €| Kjaer 2718
v l o )

PC Picoscope

==
A

Channel 1

Measured Acceleration
by VEH
Voltage Output from VEH

Channel 2




Figure 1. A configuration of the test station for vibration-based energy harvester.

Figure 2. A photograph of the experiment test setup showing all the necessary components.

LabVIEW software (National Instrument Inc.) is installed on the computer and is the
controlling center for the system and used to set the exciting frequency to the arbitrary waveform
generator, to assign the reading type of the multimeter and to record the data via an USB
interface. One end of the cantilever beam is fixed in a fixture attached to the shaker. A small
mass can be attached on the other end of the cantilever beam to tailor the resonant frequency of
the harvester. A pair of wires are used to conduct the produced current through the

programmable resistive load.

4.  Procedure for Frequency vs Voltage Measurements

The Test Station setup as shown in Figure 2. After turning on all the measurement
instruments and setting up the amplitude of excitation by control of the power amplifier, the
LabVIEW software is initiated. The designed front LabVIEW panel screen is illustrated in
Figure 3 and LabVIEW is used to perform a series of pre-determined sweeps; each sweep is
performed with preselected a resistive load via programmable resistance selector to the
piezoelectric energy harvester. Then, following programming order of operations are followed as
described below to record vibrating frequency of the cantilever, output AC voltage, and

respective resistance:

Figure 3. A screen shot of the control panel of the LabVIEW program

Programming Steps

(1) Enter sample data



)
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4
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(10)

(1)

Select start resistance (Minimum), end resistance (Maximum), and resistance step. The
minimum resistance value allowed is 0 Q and the maximum resistance allowed is
99,999,999.9 Q.

Select start frequency (Minimum), end frequency (Maximum) and frequency step.

Select voltage measurement in AC or DC.

Select measurement dwell time.

Select wait time between measurements
Run the program.

The program will ask to find test001.txt file which is located on the desktop.?? What does

this do?

All the sample data control strings, date and time control strings are concatenated and

written to file.

The Agilent 33500B Arbitrary Waveform Generator (AWG), the IET PRS-2000
Programmable Resistance Substituter (PRS) and Keithley 2011 Digital Multimeter (DMM)
are initialized.

The software executes a series of nested do loops:

a. Level 1 Do Loop: Resistance value is sent to the programmable resistance. The value
is iterated until the maximum value is encountered then a “False” Boolean is
generated and the do loop stops.

b. Level 2 Do Loop: Frequency value is sent to the waveform generator. The value is
iterated until the maximum value is encountered then a “False” Boolean is generated
and the do loop stops.

c.  Level 3 Do Loop: Voltage is measured from the digital multimeter.

1. Resistance, Frequency & Voltage are written to file.
ii. Data is updated on the front panel.
1.  Resistance is displayed on the digital read out
2. Frequency is displayed on the digital read out and meter
3. Voltage is displayed on the digital read out
4.  Frequency and Voltage are plotted on an XY Graph.



iil. Voltage measurement continues until timeout is encountered then a “False”
Boolean is generated whereby the do loop stops and the program jumps to the
Level 1 Do Loop.
(12) When the nested do loops stop, commands are sent to:
a.  Turn off the AWG output.
b.  Reset the PRS and program it to 0 Q.
(13) The user should then locate file Test001.txt and rename it.
After obtaining the resonance frequency as above, optimum load/resistance is obtained at
which the output voltage is miximum; for this purpose the designed front LabVIEW panel

screen is utilized as illustrated in Figure 4.

5.  Procedure for obtaining Resistance vs Voltage Measurements.

The Test Station is setup as shown in photograph in Figure 2. After turning on all the
measurement instruments and setting up the amplitude of excitation manually using the control
on the power amplifier, the LabVIEW software is initiated. The designed front LabVIEW panel
screen is illustrated in Figure 4. LabVIEW is used to perform a series of pre-determined sweeps;
each sweep is performed with preselected resistive load via programmable resistance selector to
piezoelectric energy harvester. Then, following programming order of operations are followed as
described below to record vibrating frequency of the cantilever, output AC voltage, and

respective resistance:

Figure 4. A screen shot of the control panel of the LabVIEW program

Programming Steps

(1) Enter sample data

(2) Select start resistance (Minimum), end resistance (Maximum), and resistance step. The
minimum resistance value allowed is 0 Q and the maximum resistance allowed is
99,999,999.9 Q.

(3) Ensure that start Frequency (Minimum), end frequency (Maximum) and frequency are the
same value such that the system only collects data at one frequency.

(4) Select voltage measurement in AC or DC.
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Select measurement dwell time

Select wait time between measurements

Run the program.

The program will ask to find test001.txt file which is located on the desktop. [??]

All the sample data control strings, date and time control strings are concatenated and

written to file.

The Agilent 33500B Arbitrary Waveform Generator (AWG), the IET PRS-2000
Programmable Resistance Substituter (PRS) and Keithley 2011 Digital Multimeter (DMM)

are initialized.

(11) The software will execute a series of nested do loops:

a. Level 1 Do Loop: Resistance value is sent to the PRS. The value is iterated until the

maximum value is encountered then a “False” Boolean is generated and the do loop

stops.

b. Level 2 Do Loop: Frequency value is sent to the AWG. The value executed then a

“False” Boolean is generated and the do loop stops.

c. Level 3 Do Loop: Voltage is measured from the DMM.

1. Resistance, Frequency & Voltage are written to file.
ii. Data is updated on the front panel.
1.  Resistance is displayed on the digital read out
2. Frequency is displayed on the digital read out and meter
3. Voltage is displayed on the digital read out
4.  Resistance and Voltage are plotted on an XY Graph.
iil. Voltage measurement continues until timeout is encountered then a “False”

Boolean is generated whereby the do loop stops and the program jumps to the

Level 1 Do Loop.

(12) When the nested do loops stop, commands are sent to:
a.  Turn off the AWG output.
b.  Reset the PRS and program it to 0 Q.



6. Example of Measurement Results

From the acquired data, the following graphs were plotted for a cantilever piezoelectric
energy harvester [details needed?]. Figure 5 shows the measured output voltages of the
piezoelectric energy harvester as a function of frequency and with various electrical loads,

ranging from 10kQ to 45kQ; the vibration amplitude was fixed at. ?.

From Figure 5, it can be observed that maximum output voltage (occurring at resonance)
increases slightly with the increase in resistive load value. Figure 6 shows the variation

calculated power as a function of frequency and these results agree with the available literature
[39-40].

Voltage (V)
©

20 30 40

Frequency (Hz)
Figure 5. Output voltage versus frequency at different values of load resistance.
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Figure 6: Output power versus frequency at different values of load resistance and an
enlarged view around the first vibration mode.

Figure 7 shows the voltage measured across the load resistor and power dissipated by it at
resonance frequency extracted from Figure 5 at the peak of the curve. A maximum output power
of around 6 mW was generated into a resistive load of 0.25MQ at the operating frequency of 21
Hz. (You can also measure I from V=IR and plot that too — that will be max at low R and fall

with increasing R, opposite to V and peak will peak max VI).

Voltage (V)
I
Power (mW)

0.0 0.1 0.2 0.3 0.4 0.5
Resistance (MQ)

Figure 7. Output voltage and Output power versus load resistance.

6 Conclusions

In conclusion, the electric output performance of a vibration-based harvester directly
connected to resistive load has been investigated utilizing a developed novel configuration for an
automated measurement station for piezoelectric energy harvesting system based on cantilever

structure. The measurement procedure for a complete characterization of the performance of a



vibration-based energy harvesting system, either as a whole or separately as in different modules
is described. Typical results illustrating the important capabilities of the proposed automated
measurements configuration are provided for an effective and efficiently characterization and
comparison with various piezoelectric energy harvesting systems in different applications,
including derivation of other important parameters. While a cantilever system has been

examined here it could be applied to other vibration harvesters such as..

7.  Acknowledgements

The authors gratefully acknowledge financial support for this work through the US
National Science Foundation (NSF) RISE grant # HRD-1546965. Authors also acknowledge
partial financial support from Title III program. Authors thank Dr. Chance M. Glenn, Dean,

College of Engineering, Technology, and Physical Sciences for his keen interest.

8. References

1. S. Roundy, A study of low-level vibrations source for wireless sensor nodes, Comp.
Comm. 26(11) 1131-1144 (2003).

2. W.G. Al S. W. Ibrahim, Energy and Power Engineering, 4, 496-505 (2003).

S. Roundy, P. K. Wright, and K. S. Pister, Micro-electrostatic vibration-to-electricity
converters. In ASME 2002 International Mechanical Engineering Congress and
Exposition (pp. 487-496). American Society of Mechanical Engineers (2002, January).

4. P. D. Mitcheson, P. MiaoB. H. Stark, E. M. Yeatman, A. S. Holmes and T. C. Green,
MEMS electrostatic micropower generator for low frequency operation. Sensors and
Actuators A: Physical, 115(2), 523-529 (2004).

5. Y. Suzuki, D. Miki, M. Edamoto and M. Honzumi, A MEMS electret generator with
electrostatic levitation for vibration-driven energy-harvesting applications. Journal of
Micromechanics and Microengineering, 20(10), 104002 (2010).

6. C. P. Le, and E. Halvorsen, MEMS electrostatic energy harvesters with end-stop
effects. Journal of Micromechanics and Microengineering, 22(7), 074013 (2012).

7. P. Basset, D. Galayko, F. Cottone, Guillemet, E. Blokhina, F. Marty and T. Bourouina,
Electrostatic vibration energy harvester with combined effect of electrical nonlinearities

and mechanical impact. Journal of Micromechanics and Microengineering, 24(3), 035001
(2014).



8.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

S. P. Beeby, R. N. Torah, M. J. Tudor, P. Glynne-Jones, T. O'Donnell, C. R. Saha and S.
Roy, A micro electromagnetic generator for vibration energy harvesting. Journal of
Micromechanics and Microengineering, 17(7), 1257 (2007).

B. Yang, C. Lee, W. Xian, J. Xie, J. H. He, R. K. Kotlanka and H. Feng, Electromagnetic
energy harvesting from vibrations of multiple frequencies. Journal of Micromechanics and
Microengineering, 19(3), 035001 (2009).

M. Wischke, M. Masur, F. Goldschmidtboeing and P. Woias, Electromagnetic vibration
harvester with piezoelectrically tunable resonance frequency. Journal of Micromechanics
and Microengineering, 20(3), 035025 (2009).

D. Spreemann and Y. Manoli, Electromagnetic vibration energy harvesting devices:
Architectures, design, modeling and optimization (Vol. 35). Springer Science & Business
Media (2012).

T. Sato, K. Watanabe and H. Igarashi, Coupled analysis of electromagnetic vibration
energy harvester with nonlinear oscillation. Magnetics, IEEE Transactions on, 50(2), 313-
316 (2014).

S. R. Anton and H. A. Sodano, A review of power harvesting using piezoelectric materials
(2003-2006). Smart materials and Structures, 16(3), R1 (2007).

H. S. Kim, J. H. Kim and J. Kim, A review of piezoelectric energy harvesting based on

vibration. International Journal of precision engineering and manufacturing, 12(6), 1129-
1141 (2011).

S. Saadon and O. Sidek, A review of vibration-based MEMS piezoelectric energy
harvesters. Energy conversion and management, 52(1), 500-504 (2011).

A. K. Batra, A. Alomari, A. K. Chilvery, A. Bandyopadhyay and K. Grover, Piezoelectric
Power Harvesting Devices: An Overview. Advanced Science, Engineering and
Medicine, 8(1), 1-12 (2016).

M. E. Staley and A. B. Flatau, Characterization of energy harvesting potential of Terfenol-
D and Galfenol. In Smart Structures and Materials (pp. 630-640). International Society for
Optics and Photonics (2005).

L. Wang, L and F. G. Yuan, Vibration energy harvesting by magnetostrictive
material. Smart Materials and Structures, 17(4), 045009 (2008).

X. Dai, Y. Wen, P. Li, J. Yang, and M. Li, Energy harvesting from mechanical vibrations
using multiple magnetostrictive/piezoelectric composite transducers. Sensors and Actuators
A: Physical, 166(1), 94-101 (2011).

S. Mohammadi and A. Esfandiari, Magnetostrictive vibration energy harvesting using
strain energy method. Energy, 81, 519-525 (2015).

J. T. Lin, B. Lee, and B. Alphenaar, The magnetic coupling of a piezoelectric cantilever for
enhanced energy harvesting efficiency. Smart materials and Structures, 19(4), 045012
(2010).



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

J. W. Xu, W. W. Shao, F. R. Kong and Z. H. Feng, Right-angle piezoelectric cantilever
with improved energy harvesting efficiency. Applied Physics Letters, 96(15), 152904
(2010).

A. Erturk, J. M. Renno and D. J. Inman, Modeling of piezoelectric energy harvesting from
an L-shaped beam-mass structure with an application to UAVs. Journal of Intelligent
Material Systems and Structures (2008).

X. Tang and L. Zuo, Enhanced vibration energy harvesting using dual-mass
systems. Journal of sound and vibration, 330(21), 5199-5209 (2011).

Zhou, W., Penamalli, G. R., & Zuo, L. (2011). An efficient vibration energy harvester with
a multi-mode dynamic magnifier. Smart Materials and Structures, 21(1), 015014.

A. Aladwani, M. Arafa, O. Aldrathem and A. Baz, Cantilevered piezoelectric energy
harvester with a dynamic magnifier. Journal of vibration and acoustics, 134(3), 031004
(2012).

O. Aldraihem and A. Baz, A. Energy harvester with a dynamic magnifier, .Journal of
Intelligent Material Systems and Structures, 1045389X11402706 (2011).

M. errari, V. Ferrari, M. Guizzetti, D. Marioli and A. Taroni, Piezoelectric multifrequency

energy converter for power harvesting in autonomous microsystems. Sensors and
Actuators A: Physical, 142(1), 329-335 (2208).

H. Xue, Y. Hu and Q. M. Wang, Broadband piezoelectric energy harvesting devices using
multiple bimorphs with different operating frequencies. Ultrasonics, Ferroelectrics, and
Frequency Control, IEEE Transactions, 55(9), 2104-2108 (2008).

A. Alomari and A. K. Batra, Experimental and Modelling Study of a Piezoelectric Energy
Harvester Unimorph Cantilever Arrays. Sensors & Transducers, 192(9), 37-45 (2015).

V. R. Challa, M. G. Prasad, Y. Shi and F. T. Fisher, A vibration energy harvesting device
with bidirectional resonance frequency tunability. Smart Materials and Structures, 17(1),
015035 (2008).

M. Ferrari, V. Ferrari, M. Guizzetti, B. Ando, S. Baglio and C. Trigona, Improved energy
harvesting from wideband vibrations by nonlinear piezoelectric converters. Sensors and
Actuators A: Physical, 162(2), 425-431(2010).

L. Tang and Y. A. Yang, A nonlinear piezoelectric energy harvester with magnetic
oscillator. Applied Physics Letters, 101(9), 094102 (2012).

A. R. Foisal, C. Hong, C and G. S. Chung, Multi-frequency electromagnetic energy
harvester using a magnetic spring cantilever, Sensors and Actuators A: Physical, 182, 106-
113 (2012).

G. Liu, P. Ci, and S. Dong, Energy harvesting from ambient low-frequency magnetic field
using magneto-mechano-electric composite cantilever. Applied Physics Letters, 104(3),
032908 (2014).

D. Tan, Y. Leng and Y. J. Gao, Magnetic force of piezoelectric cantilever energy
harvesters with external magnetic field. The FEuropean Physical Journal Special
Topics, 224(14-15), 2839-2853(2015).



37.

38.

39.

40.

D. Zhu, S. Roberts, M. J. Tudor and S. P. Beeby, Closed loop frequency tuning of a
vibration-based microgenerator Proc. Power MEMS 2008/MicroEMS2008 (Nov. 2008) pp
229-32.

A. Erturk and D. J. Inman, Piezoelectric Energy Harvesting, John Wiley & Sons, NY,
2011.

I. Kosmadakis, V. Konstantakos, T. Laopoulos and S. Siskos, Vibration-based energy
harvesting systems characterization using automatic electronic equipment, Sensors and
Transducers, 187(4), 75-81 (2015).

A. Alomari, A. Batra, M Aggarwal and C. R. Bowen, A multisourse energy harvesting
utilizing highly efficient ferroelectric PMN-PT single crystal, J. Mater Sci: Mater Electron,
DOI 10.1007s10854-016-5073-5 (2016).



