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Abstract. This paper analyses the phase shifting of the output waveform produced by
piezoelectric cantilevers under a range of vibration frequencies. The phase shift of four
piezoelectric cantilevers with different resonant frequency are inspected while it is excited with
the vibration from the electrodynamics shaker at a range of frequencies from 100 Hz to 500 Hz
with the acceleration level (g-force) fixed at constant magnitude of 1g-level (9.81 m/s2). Time
different and Lissajous pattern methods were used in this research to measure the phase shift of
the output waveform. Both methods show similar result where the major phase shift happened
at the resonant frequency of respective cantilevers. The phase difference remains low around 0
degrees or in other term in phase before the resonant frequency of the cantilever. When the
frequency of the vibration source approaches the resonant frequency of respective cantilever, the
phase different start to increase rapidly and reach 180 degree which is out of phase after the
resonant frequency. This major phase shifting contributes to the significant rise of the gap in
between the peaks formed when multiple piezoelectric cantilevers are connected together. As a
result, it indirectly improves the output performance of the piezoelectric cantilevers array.

1. Introduction

Piezoelectric based energy harvesting had gained interest over the time due to the advancement in
integrated circuit [1]. Improved integrated circuits had its power consumption reduced greatly, making
it possible to be powered up by using micro-power energy harvester. Since piezoelectric had shown
promising result and potential in harvesting energy to power-up micro-power electronic devices [2-5],
it sparked research interest in lot aspects, mainly on maximizing the performance of the piezoelectric
material, including technique to optimize the output from the piezoelectric material and widening the
operating bandwidth of the piezoelectric energy harvester [1].

Piezoelectric energy harvester especially cantilever based piezoelectric will only produce optimum
output within certain excitation frequency range. If the frequency of the vibration shifts, the output of
the piezoelectric material will decrease radically. Therefore, many techniques were introduced to
broaden the operating frequency bandwidth of the piezoelectric material before its practical deployment.
The techniques included resonant frequency tuning [6] which adjust the resonant frequency of the
piezoelectric material using mechanical, magnetic, or piezoelectric method; nonlinear energy harvesting
configuration that use magnets to adjust the nonlinear stiffness and nonlinear piezoelectric coupling of
the material; and multimodal energy harvesting which utilise multiple degree-of-freedom system of the
piezoelectric cantilever by using multiple bending modes of a piezoelectric cantilever or by connecting
multiple cantilevers into an array.
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Researches shown when multiple cantilevers are connected together into an array, the operating
frequency bandwidth of the model broadened [7-13]. Ideally, when connecting two or more alternating
current (AC) outputs in series connection with same polarity the total output should be the sum of all
the connected output, while series connection with alternating polarities will cause the generated output
to cancel out each other. However, researches shown different outcome when piezoelectric cantilevers
with different resonance frequencies are connected in an array [14]. This implied that the output
produced by the piezoelectric cantilevers with different resonance frequencies might not in phase.

Hence, this paper investigate the phase difference of the output waveform from the piezoelectric
cantilevers with difference resonance frequencies and also its effect on the output of the piezoelectric
cantilever array when connected in series with same polarity and alternating polarities.

2. Experimental Set-up

This research uses piezoelectric standard quick-mount bending generator with pre-mounted and wired
at one end (Q220-A4-303YB) from Piezo Systems, Inc [15] as the test subject. The dimension of the
piezoelectric generator is shown in Figure 1.
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Figure 1. Dimension of Piezoelectric Cantilever (Q220-A4-303YB) [11].

The experiment set-up of this research is as shown in Figure 2, which consists of a G-link wireless
sensor and receiver, an electrodynamics shaker, a gain amplifier, a function generator, an oscilloscope,
and piezoelectric cantilevers. In order to generate a controllable artificial vibration for test purpose,
function generator, gain amplifier, electrodynamics shaker, and G-link wireless accelerometer were
used. The function generator was used to supply AC input power to the electrodynamics shaker. Since
the power supplied by the function generator alone is not sufficient to generate vibration with high
acceleration level (g-force), the gain amplifier was used to amplifier the power before supplying it to
the electrodynamics shaker.

Oscilloscope Function G-link Sensor Amplifier
Generator Node
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Electrodynamics Shaker Piezoelectric
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Figure 2. Experimental Set-up
Five units of piezoelectric cantilevers were used in this research. The cantilever is named C1, C2,
C3, C4 and CC for reference convenience. In this case, the constant cantilever, CC is a cantilever with
its resonant frequency far away from the other cantilevers to acts as a test subject to compare the phase
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shifting of the other cantilevers. Its resonant frequency is tuned to higher frequency by clamping the
cantilever over than its clamping base, towards its flexible beam [16]. While the resonant frequencies
of the piezoelectric cantilever C2, C2, and C4 is altered to lower frequency by attaching proof mass to
the tip of the cantilevers. After the resonant frequency of each cantilever is tuned to different value of
180 Hz (C4), 220Hz (C3), 270Hz (C2), and 300Hz (C1), the phase difference between cantilever C1,
C2, C3, C4 and a constant cantilever CC is recorded and examined. In this research, the phase shift of
the cantilevers is measured by using time different method and Lissajous pattern method. The results
obtained from both methods are then compared for verification purpose.

After the phase difference of the cantilevers are measured and examined, the research continued with
observing the output produced by the cantilevers when connected in series connections. The output is
observed when cantilevers are connected in series with same polarity and series with alternating
polarities connections to examine the effect of phase shifting of the piezoelectric cantilevers towards it
output performance.

2.1. Time Different Method

For time different method, the cantilever CC and C1 are connected individually to the oscilloscope, and
the output is viewed in time base setting as shown in Figure 3. The cantilevers were excited with
vibration from the electrodynamics shaker at a range of frequency from 10 Hz to 500 Hz with the
acceleration level (g-force) fixed at constant magnitude 1-g (9.81 m/s2) and the phase different between
the cantilevers was calculated using Equation 1.

6 = (%) x360° (1)

where, 0 is the phase shift of cantilever, w represents the phase shift in term of centimeter (cm) and x
represents one period in term of cm. The test was then repeated by replacing the cantilever C1 with C2,
C3 and C4.
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Figure 3. Illustration of phase shift measurement by using Time Different Method

2.2. Lissajous Pattern Method

While for Lissajous pattern method, the cantilever CC and C1 are connected individually to the
oscilloscope, and the output is viewed in X-Y mode of the oscilloscope as shown in Figure 4, where the
phase different between cantilevers CC and CL can be observed and measured. The cantilevers were
again excited with vibration from the electrodynamics shaker at a range of frequency from 10 Hz to 500
Hz with the acceleration level (g-force) fixed at constant magnitude 1-g (9.81 m/s2) and the phase
different between the cantilevers was calculated using Equation 2.
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6 = 180° — (sin™* (%)) )

where, y represent the intersection at y-axis in cm and z represent the maximum height of the ellipse in
cm. The test was then repeated by replacing the cantilever C1 with C2, C3, and C4.
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Figure 4. Illustration of phase shift measurement by using Lissajous Pattern Method

3. Experimental Result
The output waveform of C1, C2, C3, and C4 is being observed by comparing to CC. The result of the

phase different for the cantilevers is shown in Figure 5 for Time Difference Method and Figure 6 for
Lissajous Pattern Method.
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Figure 5. Phase shift of Cantilevers with Proof Mass Attached Obtained using Time Different
Method



International Technical Postgraduate Conference IOP Publishing
IOP Conf. Series: Materials Science and Engineering 210 (2017) 012038 doi:10.1088/1757-899X/210/1/012038

180 . I.{::eﬂ" »,—/&Tf_\v;;;‘“;/—;___“_)‘{\/
160 w B aRE | - -
i ,r )
8 1oy ! /
© 140 $ /
2 IR
Q120 M ,
100 1 L
% 1L 'o' Jl *
= 80 ;
@ 60 - ‘ ," T ——CL (0.00g)
£ 1 et — o - CL1p (0.150)
o 0 '\‘ T ;, ) ,
& ot ---e--- CL2p (0.50g)
20 1% ‘« ! j\/
Che ) -~ CL3p (1.000)
0 \_&h._&.ﬂ:& | | |

100 150 200 250 300 350 400 450 500
Frequency, Hz

Figure 6. Phase shift of Cantilevers with Proof Mass Attached Obtained using Lissajous Pattern
Method

Both methods showed similar result where the major phase shift happened at the resonant frequency
of respective cantilevers. The phase difference remains low around 0 degrees before their resonant
frequency. When the frequency of the vibration source approaches the resonant frequency of respective
cantilever, the phase different between the test cantilever and the constant cantilever start to increase
rapidly and reach 180 degree after the resonant frequency. Major phase shifting happen at 300Hz for
C1, 270Hz for C2, 220Hz for C3, and 180Hz for C4. Notice that there are also ripples shows in the
graph. Cantilevers with heavier proof mass, have larger ripples. Proof mass was attached to the tips of
the cantilevers in order to alter its resonant frequency. Frequency responses for individual cantilevers
with added proof mass of 0.15g, 0.50g, and 1.00g to C2, C3, and C4 respectively are shown in Figure
7. Notice that the resonant frequency of C1, C2 and C3 is reduced. Resonant frequency for C1, C2, C3,
and C4 are 300 Hz, 270 Hz, 220 Hz, and 180 Hz with maximum voltage of 1.99V, 2.24V, 1.88V, and

1.82V respectively.
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Figure 7. Frequency Response in term of Output Voltage for Multiple Cantilevers with Proof Mass
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These altered cantilevers were then connected together electrically in series connections in order to
observe the effect of phase shifting of the piezoelectric cantilever toward its output performance. The
frequency responses for cantilevers connected in series with same polarity connection is shown in Figure
8, while result for series with alternating polarities connection is shown in Figure 9.
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Figure 8. Frequency Responses (Voltage) for Cantilevers Connected in Series with Same Polarity

Connection.
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Figure 9. Frequency Responses (Voltage) for Cantilevers Connected in Series with Alternating
Polarities Connection.

Notice that another peak is formed whenever another cantilever is added. For example, when two
cantilevers are connected, two peaks were formed; while when three cantilevers are connected, three
peaks were formed. These peaks are formed around the resonant frequency of each respective cantilevers
added, where when C1 and C2 are connected, peaks formed at 300Hz and 270Hz; when C1, C2 and C3
are connected, peaks formed at 300Hz, 270Hz and 220Hz; and when C1, C2, C3 and C4 are connected,
peaks formed at 300Hz, 270Hz, 220Hz, and 180Hz. Also notice that the operating bandwidth increases
in respect of increasing number of the connected cantilevers. The maximum voltage produced by each



International Technical Postgraduate Conference IOP Publishing
IOP Conf. Series: Materials Science and Engineering 210 (2017) 012038 doi:10.1088/1757-899X/210/1/012038

peak is also higher than their original voltage output produced. However, there is huge drop of voltage
in between the peaks and it is undesirable. For example, note that when connecting four cantilevers all
together in series with same polarity, the operating frequency bandwidth widen to between 160Hz to
335Hz for application that need 1.80V voltage input. However, the application will not work in between
145Hz to 220Hz, between 230Hz to 260Hz, and between 280Hz to 295Hz because the voltage drop
lowers than 1.80V in between that frequency.

This narrow gap will not form if the output waveforms for each cantilever are in phase. Both result
in Figure 5 and 6 proved that the phase of the output waveform shift at the resonant frequency of each
cantilever, it explain the reason why when two waveforms are connected in series with same polarity
the total output is not the sum of maximum output of both waveforms, but lesser because the waveforms
are not in phase.

This report is further proven by the result shown in Figure 9, where the piezoelectric cantilever is
connected in series but with alternating polarities. Same as in series with same polarity connection,
peaks were formed whenever cantilevers are added. These peaks were also formed around the resonant
frequency of each respective cantilevers added with maximum output voltage higher than the original
voltage output produced from non-connected cantilevers. However, notice that the waveform formed
has clear difference from the waveform formed in by same polarity connection, where the narrow gap
between peaks are not as low as in waveform produced by the same polarity connection. For example,
for applications that operate with 1.8V voltage input, the operating frequency of four connected
cantilevers increased to the range of 180Hz to 310Hz compared to same polarity connecting, this
alternating polarities connecting does not have gaps in between the operating frequency.

This major phase shifting is the reason for the significant rise at the gap in between the peaks formed
in Figure 9. As the waveform is shifted, when the cantilevers are connected in alternating polarities, the
value of the positive peak will not totally cancel out by the value from negative peak of the other
cantilever. Hence, the gap in between the peak is not narrow as shown in Figure 8. In fact, the output
performance of the piezoelectric cantilever array can be improves when the relation of the phase shifting
and resonant frequency is carefully calculated and takes into account.

4. Conclusion

The result showed the output waveform of piezoelectric cantilevers do shift at its respective resonant
frequencies. Both time different and Lissajous pattern method showed that the major phase shift
happened at 300Hz for C1, 270Hz for C2, 220Hz for C3, and 180Hz for C4. The phase difference remains
low around O degrees before their resonant frequency. When the frequency of the vibration source
approaches the resonant frequency of respective cantilever, the phase different between the test cantilever
and the constant cantilever start to increase rapidly and reach 180 degree which is out of phase after the
resonant frequency. Since the output waveform is not in phase, it contributed to the significant rise at
the gap in between the peaks formed when piezoelectric cantilevers are connected in series with
alternating polarities.

In nutshell, it proves that the output waveform of piezoelectric cantilever do experience major phase
shifting at its respective resonant frequencies. This finding could take into account in order to maximize
the performance of the output from piezoelectric cantilever array in other applications.

Acknowledgment

The authors would like to thank the Malaysian Ministry of Higher Education Research grant,
FRGS/2/2014/SG02/FKEKK/02/F00244, UTeM Zamalah Scheme for sponsor this research project as well
as the facility support by the Advanced Sensors and Embedded Control System (ASECs) Research
Group, Centre for Telecommunication Research and Innovation (CeTRI), UTeM.



International Technical Postgraduate Conference IOP Publishing

IOP Conf. Series: Materials Science and Engineering 210 (2017) 012038 doi:10.1088/1757-899X/210/1/012038

References

[1] L, Tang,, Y, Yang., and C.K, Soh., 2013. Chapter 2 Broadband Vibration Energy Harvesting
Techniques. Advances in Energy Harvesting Methods. Springer Science+Business Media,
pp.17-61.

[2] Yu, H., Zhou, J., Deng, L., and Wen, Z. 2014 Sensors 14 3323-3341

[3] Gambier, P., Anton, S.R., Kong, N., Erturk, A., and Inman, D.J., 2012 Measurement Science
and Technology 23.

[4] Zhao, J., and You, Z., 2014 Sensor 14 12497-12510

[5] Lee, H.J., Zhang, S., Yoseph, B-C., and Steward, S., 2014 Sensor 14 14526-14552

[6] Roundy, S., and Zhang, Y., 2005 Proceedings of the SPIE 5649 373-384

[7] Yang, Z., and Yang, J., 2009 Journal of Intelligent Material Systems and Structures 20 569-574

[8] Kim, I-H., Jung, H-J., Lee, B.M., and Jang, S-J., 2011 Applied Physics Letters 98 214102

[9] Shahruz, SM., 2006 Journal of Sound and Vibration 292 987-998

[10]  Xue, H., Hu, Y., and Wang, Q., 2008. IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control 55 2104-2108

[11]  Ferrari, M., Ferrari, V., Guizzetti, M., Marioli, D., and Taroni, A., 2008. Sensors and Actuators
A: Physical 142 329-335

[12] Liu, J., Fang, H., Xu, Z., Mao, X., Shen, X., Chen, D., Liao, H., and Cai, B., 2008
Microelectronics Journal 39 802-806

[13]  Sari, I, Balkan, T., and Kulah, H., 2008 Sensors and Actuators A: Physical 405-413

[14] Bong, Y.J., Kok, S.L, and Thong, L.W. 2014 Malaysia Technical Universities Conference on
Engineering & Technology 10 — 11 Nov, 2014

[15] Datasheet of Q220-A4, Piezo Systems, Inc. 2016
http://www.piezo.com/catalog8.pdf%20files/Cat8.42.pdf (accessed on 2" December 2016).

[16] Bong, Y.J., and Kok, S.L., 2016. Journal of Telecommunication, Electronic and Computer

Engineering 8 119-123



