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Abstract

This paper describes the design of a wideband electromagnetic energy harvester that utilizes a novel dual-resonator method to improve the
operational frequency range of the vibration-based generator. The device consists of two separate resonator systems (coil & magnet), which
each comply with their respective resonance frequencies. This is because both resonator are designed in such a way that both magnet and coil
components will oscillate at an additive phase angle, and hence create greater relative motion between the two dominating resonance
frequencies, which realizes the wideband generator. Each resonator system consists of a distinctive cantilever beam, one attached with four
magnets and steel keepers, the other attached with a copper coil and stainless steel holder as the free end mass. Both cantilevers are clamped and
fitted to a common base that is subjected to a vibration source. Basic analytical models are derived and a numerical model is implemented in
MATLAB-Simulink. Electromagnetic, structural modal and static mechanical analysis for the design of the prototype are completed using
ANSYS finite element tools. For a 0.8ms™2 acceleration, the open-loop voltage obtained from the experiment system show a good correlation
with those from the simulation. Peak induced voltage is measured to be 259.5Vms as compared to 240.9Vms from the simulator at 21.3Hz,
which implies an error range of 7.7%. The results also indicate that there is a maximum of 58.22% improvement in the induced voltage within
the Intermediate Region which occurs at the intersection point between the output response plots of two single resonator generators.
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1. Introduction

Over recent years, by using the latest advances in technology, miniature sensor systems can be manufactured and integrated
with low-power wireless technology and operates at powers as low as 100uW [1]. Wireless Sensor Network (WSN) systems can
be established by combining these miniature sensors together to form an attractive monitoring system that can be widely used for
applications in automotive [2], environmental monitoring [3], health care [4], logistic & retails [5] and military industries [6]. At
present, most of these systems are still powered by batteries which not only limit the sensor miniaturization process but also
provide finite energy capacity and can create environmental pollution caused by the disposal of used batteries. Hence, in the past
few years, alternative power sources have become highly desirable and have attracted great interests from many academic
research clusters, including applied science, mechanical and electrical engineering.

One of the promising alternative solutions to a battery is by energy scavenging from ambient sources such as solar, thermal,
wind and vibration. These ambient energy resources are redundant and have almost unlimited lifetime. Some of these energy
sources have some limitations like in the case of wind energy as it cannot be used in locations where there is a weak wind density.
In the case of solar energy, it will be less effective in location where there is absence of sunlight or dim light is present. Among
these energy sources, the vibration sources claimed to be the most attractive due to their availability, high power density and
easiness of integration with miniature sensors [7].

Vibration is a phenomenon whereby the source oscillates about an equilibrium point. Vibration, also known as kinetic
energy, is very often present and abundant, typically from vehicle vibrations, human activities and noisy environments. In order
to capture these motions and convert them to electrical energy, a mechanical coupling between the oscillating source and the
physical device capable of generating electricity is required. In this context, many linear vibration-to-electricity conversion
mechanisms have been presented in recent years [8]. They are piezoelectric [9], electrostatic [10] and electromagnetic [11].
Although there are many types of conversion mechanisms, no matter which principle is exploited, all of these aforementioned
conversion harvesters have the same problem, in which the vibration-based energy harvester device will provide the optimal
power when their resonance frequency matches the ambient excitation frequency. If the excitation frequency deviates from the

* Corresponding author. +60 124366628
Email addresses: benglee_85@hotmail.com, benglee.ooi@petronas.com.my



resonance frequency of the oscillator, the harvester performance will dramatically drop. However, in the majority of practical
cases, the frequencies present in a particular location may not be well known or may vary over a certain range of spectrum. For
instance, the dominant vibration frequency on an automotive engine changes when the gear ratio of the transmission is shifted, so
it would clearly be advantageous to have a single design that operates effectively over a range of the vibration spectrum.
Therefore how to broaden the operational bandwidth of a harvester has become one of the most challenging issues.
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Fig. 1-Dual-resonator electromagnetic generator

In order to resolve the frequency matching issue, several adaptive harvester solutions have been proposed in the literature.
They are categorized into 4 approaches: resonance frequency tuning [12][13], non-linear oscillation [1][14], frequency-up-
conversion (FupC) [15]-[16] and multiple harvesters [17][18]. However, every aforementioned approach has its own advantages
and drawbacks in term of generator size, output power density, design complexity and so on. Although there are many proposed
solutions available, until now a dual-resonator method has not been considered. In this paper, a novel method to widen the
generator bandwidth is presented (Fig. 1). The method proposes is to implement an energy harvester which involves two
independent resonating components (coil and permanent magnet sets), having dissimilar resonance frequencies, fitted to a
common inertia frame and generating energy through their relative motion during the existence of the external excitation force.
Due to the additive phase angle between the two resonators during the oscillation, higher induced output can be achieved in the
Intermediate Region between the resonance frequencies of the two cantilever systems (as will be shown in Section 4.2). In this
paper, a basic analytical model of the dual-resonator generator is presented and the proposed model is then numerically
implemented in the MATLAB-Simulink solver. The design of the prototype is described; the magnetic field distribution,
cantilever resonance and stress are estimated based on ANSYS finite element modeling (FEM) tools. Finally, the induced output
voltage from the generator is recorded. The obtained output is discussed by comparing its simulations with experimental results.

2. Basic Theory

A common single resonator inertia vibration-based generator device can generally be modelled as a second-order mass,
spring and damper systems with external base excitation as illustrated in Fig. 2, which is well documented by William and Yates
[19]. The system consists of a seismic mass, m, a spring of stiffness, k, the damping coefficient, b, the time varying position, z(t),
of the seismic mass relative to the support casing that is driven by y(t), the time varying external excitation force. The motion
equation of this system may be written as

mz(t) + bz(t) + kz(t) = —mji(t) (1)
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Fig. 2- Model of common inertial generator

Assuming that the vibrating source of the device relative to the inertial frame is in sinusoidal form and can be described by
y(t) = Y sin(wt), then the particular solution for z(t) is

Yw?
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and the phase angle v is

Y = tan™! (—:’w"w%) 3)
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where w, = /k/m is the natural frequency of the resonant system and {; = b/(2muw,) is the damping factor. The relationship
between phase angle and normalized frequency (r = w/w,) given in (3) is plotted in Fig. 3 for a range of value of ¢;. It can be
seen that the 90° phase different occurs when the excitation vibration frequency matches the resonance frequency (w = w, orr =
1). It may also be noted that increasing the damping, {7, has the effect of changing the behavior of the phase angle when the
excitation frequency is swept from lower to higher frequency than the resonance. For a lower value of damping, e.g. {y = 0.01,
the phase 1y will remains almost 0° and starts to change significantly only when the sweeping frequency is nearly matched to the
resonance frequency. Then, the phase will stays at nearly 180° after the excitation frequency is swept above resonance. For higher
values of ;=0.05 and 0.1, the phase starts to shift more slowly during the beginning stage of the sweeping but requires larger
frequency deviation above resonance to reach the 180° mark. Thus, this implies that for a given mass, spring and damper system,
a resonator phase angle will remain at a value close to 0° when the excitation frequency is lower than the resonance, 90° during
the resonance and at a value close to 180° when the frequency is higher than the resonance.
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Unlike the previous literature work, the dual-resonator generator has both the coil and the magnet excited and allowed to
oscillate together under the common vibrating source. Due to the dissimilarity of the resonances, the system should exhibit two
resonance frequencies; one from the coil resonating component, another from the permanent magnet resonating component.
Hence, this generator can be modelled as in Fig. 4. Where x(t) is the position of the seismic mass relative to its equilibrium
position, the subscripts m and ¢ denote the magnet and coil components, respectively. The damper by represents the sum of the
damping caused by the electromagnetic coupling and air resistance between magnet and coil, The by losses is assumed to be
relatively small comared to the damping from losses in the cantilever material (as justified by later results in Section 4.2), hence it
will not be considered in the following analytical and numerical modelling.

Fig. 4-Model of dual-resonator generator

The relative motion can be determined by subtracting the coil’s motion from the magnet’s motion or vice versa. In this
paper, the latter is considered and therefore the relative motion between the two seismic masses can expressed as

X () = % () = xn (0) €

Given that z.(t) = x.(t) — y(t) and z,,(t) = x,,,(t) — y(t), hence (4) can be written as x,.(t) = z,(t) and upon differentiation
lead to

X (t) = 2, (t) 5

Hence, it is possible to use z,.(t) instead of x,.(¢) in the calculation for the seismic masses relative motion. In this paper, since no
external electrical load will be considered, when damping is reported, it will be assumed that it is purely a mechanical damping.
Referring to (2) and (3), the solutions for z.(t), Z,,(t), Y. and i, can be given as

760 = | T cos(wt — y0) ©
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Fig. 5- Phase of coil & magnet against the sweep frequency

The phase angle . and y,,, from (8) and (9) against the sweep frequencies are plotted in Fig. 5 for resonance frequencies and
damping factors for coil and magnet component of f.=19.4Hz, f,=21.3Hz, {.=0.039 and {,,,=0.013 (experimentally determined in
Section 4.2) respectively. It may be noted that in the Intermediate Region (region between two resonance frequencies), the phase
angle of coil and magnet resonator is mostly additive, meaning that the coil and magnet are mostly moving in opposite directions
against each other (one moving up and one moving down). For example at 20.7Hz, the phase angle for coil and magnet are 149°
and 24.5° respectively, resulting in an effective phase difference of 124.5° (the perfect additive angle is 180°). Therefore, this
allows the dual-resonator to improve the induced output in the Intermediate Region, hence widening the generator bandwidth.

It may be noted that apart from the phase angle, the speed of the oscillation of the cantilever beam also contributes to the
effective induced output voltage of the generator. Having said that a mass, spring and damper system will only oscillate with
resonance magnification when the excitation frequency coincides with the system natural frequency. Under other circumstances,
the speed response of the system will be relatively small if compared to its resonance condition, especially for a low damped
oscillating system [8]. Due to this, a closed form analytical solution will be complex. Therefore, a numerical solution was
determined using the Simulink.

The model of the numerical solution is given as in Fig. 6, based on (1). This solution computes the relative velocity, z,.(t),
between the coil and magnet component. The obtained velocity can be used to predict the emf induced in the pickup coil as

Vina(t) = NBler(t) (10)

where V.4 (t) is the open-loop induced voltage, N is the number of turns for a given square coil, I, is the coil practical side length
and B is the magnetic field. It can be noticed that from (10), the induced voltage is proportional to the aforementioned
parameters. One can assume that if all other factors remain constant once the coil and magnet are fabricated, then greater relative
movement,z,.(t), between a magnet and a coil will generate a higher induced output voltage.
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Fig. 6- Simulink model that computes the speed of both coil and magnet cantilevers

3. Design of a Dual-resonator Generator

3.1 Prototype Fabrication
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Fig. 7- Cross section view through four magnet, keeper and coil

The dual-resonator electromagnetic generator presented in this paper is based upon a cantilever structure presented in
Section 1. It comprises two separate cantilever beams for magnets and coil, respectively. At the free end of these beams, the
structure is designed so that a coil is sandwiched between two pairs of oppositely polarized magnets (Fig. 7). The magnetic
circuit, formed from four N35 NdFeB magnets (25x10x5mm), is completed by the steel keepers which couple the magnetic flux
between the top and bottom magnet pairs. The magnets and soft steel keepers (AlISI 1010) are assembled with a 6mm air-gap in
between them using a magnet holder made of Aluminum (6061). The pickup coil is held in between the gap using a coil holder
fabricated from S316 stainless steel to further increase the tip mass for the coil component. Both holders are attached to two
beams fabricated from a high carbon steel (AISI 1070). The beam dimension used for the coil and magnet are 16x4.5x0.3mm and
20x4.5x0.7mm (effective length x width x thickness), respectively. The beam dimensions required for the desired resonant
frequencies were determined by finite element analysis (Section 3.3). Lastly, these beams, together with the attachment, are
clamped to a common base clamper using M4 bolts. The drawing of the assembled generator is shown in Fig. 8. The second part
of the drawing shows the cross section view through the center of the generator. It clearly depicts that the coil components is
interleaved in between the air-gap created by the magnet pairs. It may also be noted that there are five mounting holes located at
the bottom part of the base. These holes will be used to fit the fabricated generator to the vibration shaker system for data
capturing.
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3.2 Magnetic finite element modelling

Based on equation (10), for a greater induced voltage, one should maintain the magnetic flux density, B, in the air-gap as
high as possible. The N35 magnets used in this paper have a remanence flux density (By) and coercive force (Hc) of 1.23T and
900kA/m respectively. Knowing that the energy available from a permanent magnet is fixed once it is manufactured. Therefore,
one of the best way to extract the most energy from the magnet is to optimize the design of the magnetic circuit. For ease of
fabrication of the coil holder, air-gap of 6mm has been chosen. The wall thickness of the steel keeper is determined based on the
need to carry the magnetic flux in the material without exceeding the material saturated flux density (Bs) of 1.85T. ANSYS
Maxwell 2D magnetic finite element software was used to simulate the possible maximum magnetic flux in the material and air-
gap for a range of values of keeper thickness. Fig. 9 clearly illustrates that the flux concentrated in the steel keeper is greater than
Bs when the thickness is smaller than 5mm. The plot again shows that after 7mm, further increases the keeper thickness will not
improve the flux concentration but increases generator size. Hence, optimum keeper thickness should be fixed in between 5 and
7mm. Fig. 10 shows the maximum possible flux density in the air-gap for a range of keeper thicknesses. This plot shows that at
5mm, the maximum flux density in the air-gap is 0.63T and there is almost no increase in the flux density after the keeper
exceeds 5mm thickness. On top of that, Fig. 11 shows that the maximum flux concentration in the 5mm thickness keeper is
1.784T, which is smaller than Bs. It may also be seen that there is no or negligible leakage flux outside the steel keeper. Hence, to
optimize the generator size, 5mm was chosen as the thickness for the steel keeper in this design.
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If a line along the magnet’s height is drawn through the center line of the air-gap in the generator, parallel to the face of the
magnets then the magnetic flux density varies as shown in Fig. 12. It can be seen that the magnetic flux density is directed
oppositely for the top and bottom pairs of the magnet. It is obvious that the flux density is non-linear across the region and this is
mainly due to the fringing effects near to the edges. Having said that equation (10) is an approximation and only accurate when
the coil is moved from a constant B field into a zero field region or vice versa. Hence, the average flux density in the air-gap may
be estimated by computing the flux density along multiple paths in between the magnet and taking the average. The average
magnetic field in the air-gap may be determined as 0.55T. However, one must realize that this estimation would deviates away
from the actual value. Not to mention the effect of the coil turns in which the outer coil will has greater magnetic linkage as
compare to the inner coil due to its greater effective length.
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3.3 Finite element structural analysis

After the magnetic circuit design, the resonance frequencies for the coil and magnet beam need to be determined. For a
constant amplitude acceleration force, the generator should be designed to resonate at the lowest source frequency provided that
higher frequencies in the vibration spectrum do not have higher acceleration amplitude [20]. Hence, an arbitrary starting low
frequency point of 20Hz was selected as it has a reasonable safe margin above the minimum frequency limit of the vibration
shaker system used in practical evaluations, (5Hz) but no higher since this would make construction and testing more difficut. For
a given amplitude of acceleration, A, the amplitude of the displacement increases as the frequency decreases, Y=A/w?. Hence, to
maximize the displacement of the coil resonator which has a relatively low tip mass (13.04grams) as compare to the magnet
resonator (85.21grams), the former resonator was chosen to exhibit the lower resonance below 20Hz. The width of the cantilever
beam was fixed at 4.5mm for both resonators. A range of values of cantilever beam thickness and effective length were evaluated
using ANSY'S dynamic modal analysis in order to obtain the desired resonant frequencies. The beams 1% and (2") vibration
modes resonance frequencies were determined from finite element analysis as f.=18.87Hz (347.08Hz) and fn=22.48Hz
(304.84Hz) respectively, for the dimension as listed in Table 1. It is noted that the 2" and higher vibration mode frequencies for
both coil and magnet beams are well above 300Hz. Hence it is reasonable to assume that the produced vibrations occur only in
one direction. The material used for the cantilevers will affects the system damping and hence the induced output. High carbon
steel was selected to be used as the beams’ material because spring steel has one of the lowest damping factors, cost of material
and also reasonable good material fatigue limit.

Table 1
Resonator beam dimension
Resonator Material Effective length (mm) Width (mm) Thickness (mm)
Coil High carbon Steel 16 45 0.3
Magnet High carbon steel 20 4.5 0.7

One may argues that the resonance frequency for both coil and magnet beams can be estimated using analytical methods as
given in equation (11) [21] provided that all the parameters values are known, and this would be less time consuming than the
finite element modeling (FEM) method. However the former is not preferred due to the lack of accuracy. One must realize that
the estimation in (11) is only sufficient to determine the resonance frequency of a cantilever system that has with a point tip mass
since the equation does not consider the center of mass of the weight objects at the free end, not to mention that both of the
resonator tip masses are assembled from several components. Although it is mathematically possible to determine the center of
mass for each resonator, provided that the geometry dimension and weight of each component is given, this would add
complexity to the calculation and the FEM method may be consider to be a more effective method.

W, = \/L3[3—El 11

0.23Mpeqm+Myip]



where E, I, L Mpeam and myjp are the Young’s modulus, moment of inertia, effective beam length, effective beam mass and total tip
mass at the free end, respectively.

As the generator will be operated under a cyclical vibration force, to avoid fatigue to the cantilever beams, the input
vibration force must not overstress and deflect the beams into permanently deformation, hence a low amplitude of 0.8ms input
acceleration was selected. The maximum tip amplitude for both resonators were determined experimentally by a camera for the
given input acceleration. A scale was placed behind the resonated beams , parallel to the direction of vibration while a high speed
camera was placed perpendicularly, with a view of the cantilevers and scale . Thus the camera is able to continuously image the
motion of the cantilevers against the scale and the vibration amplitudes may be determined from the maximum values observed
on the scale. The were determined as 1.49mm and 2.94mm for the extremities of the coil and magnet components, respectively.
Which corresponding to a displacement of 0.46mm and 0.99mm at the junction between the cantilever and the masses. The stress
in the beam material were obtained using ANSYS structural static stress analysis tool as shown in Fig. 13. The maximum stress
in the material were simulated as 104.43 MPa and 358.26 MPa, respectively. This is well below the fatigue limits of the high
carbon steel (~495 MPa). Due to the linear nature of the mechanism, for the given safety margin, one may further increase the
acceleration to achieved a higher output, however the increment should be scaled carefully to ensure that the stress in the material
does not exceed the fatigue limits. It is also worth to mention that the cantilever dimensions (width and thickness) could be
increased to accommodate larger acceleration, but this would also increase the beams’ resonant frequency, which would impact
the device performance.
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Fig. 13-ANSYS Static Structural Analysis for a) coil beam and b) magnet beam

3.4 Coil Properties

Since the generator is subjected to a weak vibration (0.8ms), one can assume that the electromagnetic couple (magnet and
coil) only vibrate along the vertical direction (y axis). Given that the magnetic B field is along the z axis, according to Faraday’s
Law, only the wire component along the x axis (perpendicular to both velocity and B field) will contributes in the induced
voltage. Whereas the other part of the wire will contributes additional wire length to the coil, and hence to the coil’s resistance,
which limits the total energy available during electromagnetic generation. The relationship between the resistance, R¢, and total
wire length of the coil, L, can be expressed as



R, =L (12)

where p is the resistivity of the conductor (copper) and Awire is the cross sectional area of the wire. The coil is designed in oblong
shape as illustrated in Fig. 14 rather than a circular shape. The top and bottom part of the horizontal wires were carefully fitted in
the air-gap (clearance 0.2mm each side) to ensure the resonation is in within the upper and lower oppositely polarized magnetic
pairs region, respectively, during the oscillation (Fig. 7).

Fig. 14 — a) fabricated coil dimensions b) oblong shape coil and holder

For an oblong shape wire-wound coil, the coil fill factor, F, the ratio of volume of conductor to the volume of the practical
coil, can be expressed as

_ m2d 4R,
T 16ptc[n(Ro2—Ri2)+2ct(Wethe)]

(13)

This gives the coil fill factor of 0.61 for the values and dimensions given in Table 2. A higher fill factor is preferable for a coil
design since this implies that a higher number of wire turns are available within a given volume. A fill factor from 0.46 to 0.65 is
commonly considered as a high fill winding [22]. Apart from resistive impedance, the inductance of the coil can also be
considered as a function of the number of turns, cross-sectional area, and height of the coil. However, the effects of the
inductance are negligible as the resistance effect is always dominant in a low frequency system. Lastly Fig. 15 shows the
completed dual-resonator generator with some silicon glue applied to the connection edge to enhance the bonding and avoid an
excessive stress to the materials.
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Table 2
Description and parameter of equation (13)

Description Parameter Value Units
Wire diameter dc 0.25 mm
Coil resistance Rc 2.3 Q
Wire resistivity (Copper) p 1.7x 10 Qm
Coil outer arc radius Ro 4.2 mm
Coil inner arc radius Ri 2.2 mm
Coil thickness te 5.6 mm
Coil cross section thickness Ct 2 mm
Coil width We 9 mm
Coil height he 5 mm

4, Measurements
4.1 Test setup

The close-loop control system experimental setup to characterize the generator is shown in Fig. 16. The fabricated generator
was mounted on top of the IMV-MO60 series vibration shaker. The test profile was defined by the user using the input interface
software on a personal computer and loaded to the IMV-K2 Sprint vibration controller. An accelerometer (VP-32) was mounted
above the shaker to provide a feedback reference signal which allowed the controller to produce a dynamically compensated
signal for the changes of the shaker’s real-time vibration. The signal was then amplified by the IMV-MAL amplifier and lastly fed
to the vibration shaker unit. The generated output from the prototype was recorded and analyzed using a dynamic signal analyzer
(DEWE-3020). When a sweep of frequencies are reported in this paper, it will be assumed that a vibration source of 0.8ms™ for a
range of driving frequencies from 15Hz to 24Hz were used unless otherwise stated.
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4.2 Result and discussion

To determine the damping factors of the coil and magnet resonators, a force impulse was applied to each resonator
respectively, and the damped oscillations were recorded as shown in Fig. 17. The logarithmic decrement method was applied to
identify the damping factors as

In(p1/p2)
— ) 14
¢ V(@2m)2+[in(p1/p2)] a4

where p1 and p; are the magnitudes of two consecutive cycle in the damped oscillation plots. Numbers of measurements were
taken and the mean value of these measurements were calculated. The damping factor values were measured as 0.039 and 0.013
for coil resonator damping factor, ¢, and magnet resonator damping factor, ¢, respectively. The higher value of damping factor
for the coil resonator is mainly due to the lighter tip mass of the coil components as compare to the magnet resonator. To further
decrease this damping factor, one may replaces the existing coil holder’s fabricated material with a high density non-
ferromagnetic material, such as Tungsten.

The other parameters that need to be determined are the individual resonance frequencies of the coil and magnet resonators.
The coil resonance was identified by applying a vibration force with a range of sweep frequencies to the generator while holding
the magnet resonator fixed with a spacer and silicon glue, then recording the frequency corresponding to the highest open- loop
voltages. A similar process may be used to determine the resonance frequency of the magnet resonator but with the coil resonator
fixed instead for this recording. The frequency response plot of both resonators are illustrated in Fig. 18. The peak rms open-loop
voltages were experimentally measured to be 71.2mV at 19.4Hz and 245.4mV at 21.3Hz, respectively. The values of the
aforementioned damping factor and resonance frequency were then used in the modelling parameters in the MATLAB analytical
and Simulink numerical solution in Fig. 5 and Fig. 6.
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Fig. 17-Force impulse response to the a) coil resonator b) magnet resonator

The results obtained from the experimental prototype show excellent correlation with the Simulink simulation results. Fig.
19 shows that the induced rms output voltage measured experimentally from the prototype versus the simulated output from the
Simulink solver when they were subjected to the aforementioned sweep frequency. It can be noticed that the experimental
recorded data are generally lower than the one from the simulator. This is mainly due to the additional damping factor caused by
the relative motion, measurement and setup loss during the practical experiment. At 21.3Hz, the open-loop voltage were
determined to be 259.5mV and 240.9mV for simulation and experiment, respectively, which implies 7.7% error range. However
at the lower resonance frequency (coil’s resonance), the error range was determined to be 73.7% at 19.4Hz for the generated
voltage of 104.4mV and 60.1mV. The reason for this is the higher damping factor from the coil resonator that is due to the light
tip weight which causes the amplitude of the oscillation to be small. Not to mention that a higher damping factor may also
degrade the effectiveness of the additive phase angle as depicted in Fig. 3 and cause the resonator to be more susceptible to the
practical experimental losses. Despite these differences, the most important aspect of the behavior is that both plots look similar,
indicating good agreement between the experiment and simulation. This suggests that the developed Simulink model is sufficient
to characterize the dual-resonator generator device.
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Fig. 19-Frequency response of dual-resonator generator

Lastly, the benchmarking of the output response of a dual-resonator generator versus both coil and magnet resonators
(similar to Fig. 18) are shown in Fig. 20. It shows that the dual-resonator generator is able to improve the output response in the
Intermediate Region across the range of sweep frequencies. At the intersection point between the coil and magnet plots at 20.1Hz,
the output of the conventional single resonator generator was measured to be 52.9mV. Whereas for the dual-resonator generator,
the output was improved and experimentally measured at 83.7mV, which is around 58.% improvement. However, it may also be
noted that improving the Intermediate Region output by using the dual-resonator, has the effect of diminishing the output across
the lower (<f;) and higher (>fm) frequencies range. This is because when the sweep frequency deviates away from Intermediate
Region, the resultant phase angle between the coil and magnet resonators will be relatively low as explained in Fig. 5, hence
leading to the lower induced voltage. For the reason of higher damping factor of the coil resonator, the lower frequencies range
has a more significant output deterioration as compare to the higher frequencies side. However, it is believed that the
deterioration can be improved for the coil resonator by reducing its damping factor [23]. Such as increasing the coil volume, yet
its weight or fabricating the coil holder with another highly dense non-magnetic material, such as Tungsten, instead of stainless
steel (Density of, Tungsten: 16870 kg/m?, Stainless steel: 8000kg/m?®). In Fig. 20, it may be also noted that at frequencies around
21.3Hz, the difference between the peak output response of dual-resonator and magnet devices is very small (240.9mV versus
245.4mV), or less than 2% error range. Hence, this further justify that the aforementioned relative induced damping coefficient,
by, is negligible and it is practically possible to ignore it in the modelling.

For open circuit operation, there is no energy transfer to the electrical domain. To analyze the closed-circuit behavior of the
dual-resonator generator, the generator output would need to be measured under electrical loaded conditions. However to date, it
has not proven possible to derive a closed form expression for electrical damping factor and the power generated under loaded
condition for a dual-resonator generator. Therefore, the power analysis of this generator is set beyond the scope of this paper. The
lack of an analytical solution means that there is limited insight into methods which might make it possible to improve the
Intermediate Region output without sacrificing the side frequencies (frequencies lying outside the Intermediate Region) output.
However, this problem is avoidable if the input frequencies to the generator device always lies within the Intermediate Region.
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Fig. 20-Benchmarking of output of dual resonator versus coil and magnet resonator

5. Conclusions and further work

This paper presented a novel dual-resonator method to improve the bandwidth of a vibration-based generator device. A
numerical model of the system is implemented in the Simulink solver. The magnetic circuit and the practical prototype are
fabricated based on the results estimated from the ANSYS FEM optimization and material fatigue limit analysis. From a low
amplitude vibration source of 0.8ms, the output result has successfully demonstrated that the dual-resonator generator is able to
improve the output voltage amplitude in the Intermediate Region, thus giving a wider operational bandwidth for the generator.
The maximum output improvement of 58.22% is recorded at the intersection point between the two output plots from the
conventional single resonator generators (moving coil or moving magnet). However, the drawback is that the dual-resonator will
produce a lower generated output at the side frequencies. Therefore, the proposed model would be more appropriate for use in
applications where the vibration source frequencies vary, but the variation is limited to certain continuous range of the frequency
spectrum rather than intermittent across a wide range of the spectrum. Such as behaviour might be encountered in condition
monitoring systems for a machine (e.g. pump, vehicle engine etc.) running at certain frequency rate during the particular
mode/gear ratio but which might vary within a certain range under different loading conditions. One must also realized that the
device could be scaled to other frequencies by redesigning the generator’s properties such as beams’ dimensions, tip end masses
and materials used. Lastly, it is noteworthy to mention that the size of the dual-resonator device is smaller than two separate
devices since most of the magnet and coil resonator parts are interleaved and share the common space . Yet, this device beneficial
from the higher induced voltage in the Intermediates Region, hence greater bandwidth and output density than a conventional
beam-based resonance systems.

Future work will consider how to further reduce the damping factor of the resonators, especially the coil’s beam. Also,
power analysis, generator structure and concepts to further miniaturize the prototype without loss of conversion efficiency will be
examined. Thus future design of the dual-resonator will attempt to improve the Intermediate Region output, yet reduce the
deterioration in output at the side frequencies, reduce the size of the generator and increase the electromagnetic coupling for
better induced voltage.
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