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Abstract

This paper studies the performance of linear VibraEnergy Harvesters (VEH) under broadband vibretiwith
multiple frequency peaks. The output power of belictromagnetic and piezoelectric linear VEH ised®ined
when excited by a single frequency excitation aménrvexcited by two frequency peaks, one at res@nand the
other at a different frequency (defined as therfatence frequency). Experimentally, it was fouhdttwhen a linear
VEH is excited by two-peak vibrations, its outpatyer is lower than in the case of the single freqyeexcitation.
Furthermore, the larger the amplitude at the ieterfce frequencies, the lower the output poweheMEH. Also,
for the same interference peak amplitudes, thédurthe interference frequency is from the resofre@quency, the
lower the output power is. These results suggest ihen designing a linear VEH for multiple-pealodmtband
vibrations, the VEH should be matched to the lovpestk frequency and that pure sinusoidal excitasioould be
avoided when laboratory testing VEH for use in aapions with multiple frequencies.
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1. Introduction

Vibration Energy Harvesters (VEH) are potential powsupplies for self-powered systems and have
drawn more and more attention over the last twades [1]. According to their physical behaviour,lWE
can be classified into different types such asdiftequency linear VEH [1], frequency tunable linea
VEH [2], non-linear VEH [2] and bistable VEH [3]. &8t existing VEH are linear devices and have one
fixed resonant frequency. The most common methoexperimentally characterise a linear VEH is to
excite it under a sinusoid vibration at its resdrfaeguency and measure its output power [1]. Herev
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the use of a single frequency sinusoidal excitai®onot an accurate reflection of practical appiamss
where the vibration spectrum usually contains mldtipeaks at different frequencies [4]. Previous
research has shown that the charging rate of theage capacitor is reduced when a linear energy
harvester is excited by vibrations with peaks attipie frequencies (for example the frequency spaut

of vibration of a helicopter shown in Fig. 1) comgato fixed frequency sinusoidal excitation [5].
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Fig. 1. An example of vibration spectrum with mpiléi peaks at different frequencies.

This paper presents a comprehensive study of hdmnatidn peaks at frequencies other than the
resonant frequency of the VEH affect the output @owf a linear energy harvester. Both an
electromagnetic and a piezoelectric energy harvestre used in the investigation. Both energy
harvesters were excited under vibrations with rpldtipeaks and their output power into an optimum
resistive load was compared to sinusoidal excitaiotheir resonant frequencies of operation.

2. Test
2.1.Excitation vibration

In the test, the energy harvesters were excite@mwibirations with two peaks as shown in Fig. 2eOn
peak is at the resonant frequency of the energyebtar f,, and has an amplitude 6f(f,). The other peak
is at frequencyf;, and has an amplitude &f(f). This peak is defined as the interference peakitnd
frequency is called interference frequency. Varicombinations of, andG(f) were used.
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Fig. 2. Vibration with two peaks, the resonant frexcy of the vibration energy harvesfgand the interference frequendy,
2.2.Linear vibration energy harvesters used in the test

Fig. 3(a) shows the test setup of a tunable elewgmetic vibration energy harvester. Its resonant
frequency can be tuned by adjusting the axial kerierce [6] but for the purposes of this investiga
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the frequency was fixed at 50 Hz. The excitatiorelat the resonant frequency was set to be §5Qm

= 9.8m-¥). Fig. 3(b) shows the test setup of a bimorphdingiezoelectric vibration energy harvester.
Details of this energy harvester can be found [nThe resonant frequency of this energy harvests
fixed at 72Hz. The excitation level at the resonaatjuency of the piezoelectric device was setdo b
300ng. Both energy harvesters were connected to thepeaive optimum resistive loads in the test,
which are 70 for the electromagnetic energy harvester and5fk the piezoelectric energy harvester.
The benchmark results for these energy harvestees wxcited at their resonant frequencies are 2%6m
for electromagnetic energy harvester and 106u\Whpiezoelectric energy harvester.
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Fig. 3. Test setup of (a) tunable electromagnetiization energy harvester and (b) a bimorph piexdsgt vibration energy
harvester.

2.3.Results and discussions

Fig. 4 and 5 compare the normalised output powethefelectromagnetic and piezoelectric energy
harvesters when they were excited under variouspwak vibrations, respectivelit was found in both
cases that for the same interference frequencypubytower of the energy harvester reduces with the
increasing ratio ofG(f) to G(f,). This means that as the amplitude of the excitatib frequencyf;,
increases, the output of the energy harvester esddaurthermore, for the same ratiaG{f) to G(f,), the
output power of the energy harvester reduces whth ihcreasing difference between the resonant
frequency and the interference frequendf, Finally, for the same ratio o&(f) to G(f,) and Af,
interference frequencies below the resonant frequeauses the output power to reduce by 2 to 3% mor
than interference frequencies above the resonequéncy.
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Fig. 4. Test results of the tunable electromagnétitation energy harvester @) f; (b)f, <f.
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Fig. 5. Test results of the bimorph piezoelectifiration energy harvester (&)> fi (b) f, <fi.

3. Conclusions

This paper studies the performance of linear vibnatnergy harvesters when they are excited at
vibrations with multiple peaks. It was found thabration peaks at frequencies other than the regona
frequency can reduce output power of a linear gndrgrvester. The higher the amplitude of the
interference peak and the greater the differendevden the resonant frequency and the interference
frequency, the more reduction in output power Wl These results suggest that when designing a linear
vibration energy harvester for multiple-peak broaulh vibrations, the energy harvester should be
designed to match to the lowest possible peak &ecy Furthermore, when experimentally testing VEH,
they should be excited by the actual vibration spec from the chosen application since a basicdfixe
sinusoidal excitation is likely to exaggerate otfpowers.
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