IOP Conference Series: Earth and a::?. PURPOSE'LED
Environmental Science ““¢# PUBLISHING™

PAPER « OPEN ACCESS You may also like

Aeroelasticity of compliant span morphin

Parametric optimisation of a dual cantilever flutter  “wee: °~ ~ © — ~
. . . afic jaj and Michael | Friswe
for electromagnetic wind energy harvesting

- Modeling and analysis of a coupled novel
nonlinear magneto-electro-aeroelastic
lumped model for a flutter based energy
harvesting system
Mehran Zaheri Abdehvand, Seyed Alireza
Seyed Roknizadeh and Hamid
Mohammad Sedighi

To cite this article: V R Velusamy et al 2023 /OP Conf. Ser.: Earth Environ. Sci. 1281 012015

- Nonlinear magnetic-coupled flutter-based
aeroelastic energy harvester: modeling
simulation and experimental verification
Kui Li, Zhichun Yang, Yingsong Gu et al.

View the article online for updates and enhancements.

The Electrochemical Society

Advancing solid state & electrochemical science & technology

247th ECS Meeting

Montréal, Canada

May 18-22, 2025
Palais des Congrés de Montreal

Abstracts
due

December
6th

This content was downloaded from IP address 161.139.223.136 on 25/09/2024 at 04:33

Showcase your-science!



https://doi.org/10.1088/1755-1315/1281/1/012015
/article/10.1088/1361-665X/aad219
/article/10.1088/1361-665X/aad219
/article/10.1088/1402-4896/abcdc7
/article/10.1088/1402-4896/abcdc7
/article/10.1088/1402-4896/abcdc7
/article/10.1088/1402-4896/abcdc7
/article/10.1088/1361-665X/aaede3
/article/10.1088/1361-665X/aaede3
/article/10.1088/1361-665X/aaede3
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuk18C2fsv02uR-caTOCfYLyhNd-LqPcR4N_B243LXC_xHqUt4Wug6_s_J87-oHOp_rDPSjLuOxlf-sWJ0_VJd8gqZ4jqj-kEH9CY9hG4D0ZxzT3Jtqafbclm7v2W6QfhtFEuRugckAoKApMB_RAhNcJ2qVtClNZpfr9tTpAKLnyJ-pT4xB1mVTCXyiqK5rZrkSMDdYeC9dv0SgGY-Gdix5uztbvKUEYFPzuLeSVI2juydYYoAgccLR5JPUueGsODgKk6T4tPPaXyu9VRLkE9bJaXJzkbV9PHmWrX-Zl8HjgvSUw9oZTb_KJiDCCPk4-0iTv_wczwRPbq6tS-d-rDKoWp83H6jRU_PH5anFvcyE&sig=Cg0ArKJSzPdUGNbG4Sye&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/247/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_247_abstract_submission%26utm_id%3DIOP%2B247%2BAbstract%2BSubmission

6th International Conference on Clean Energy and Technology 2023 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 1281 (2023) 012015 doi:10.1088/1755-1315/1281/1/012015

Parametric optimisation of a dual cantilever flutter for
electromagnetic wind energy harvesting

V R Velusamy', F M Foong™!, N A R Nik Mohd' and C K Thein?

"UTM Aerolab, Institute for Vehicle Systems & Engineering, Universiti Teknologi
Malaysia, 81310 UTM Johor, Malaysia

School of Aerospace, University of Nottingham Ningbo China, Ningbo 315100, PR
China

*Corresponding author email: farugfoong@utm.my

Abstract. This paper investigates the parametric optimisation of dual cantilever flutter (DCF)
beams for electromagnetic wind energy harvesting application. When two cantilever beams are
placed side by side facing the direction of the wind flow, both beams would oscillate in an anti-
phase motion once the critical flutter speed has been achieved. This arrangement is known as
the DCF and it represents an ideal situation for energy harvesting through electromagnetic
induction due to its anti-phase motion. Experimental results showed that the optimum load
resistance value for the device is equivalent to a single-degree-of-freedom vibration energy
harvester for low electromagnetic coupling case, despite the difference in the type of
oscillations. Further analysis showed that there among the two possible arrangements for the
magnets one arrangement results in a 51.5% larger magnetic flux density. It was seen that
reducing the length of the electromagnetic DCF by 41.2% can increase the power output of the
device by approximately six times, although the critical flutter speed also increased by 125.0%.
Finally, some suggestions were provided on how to further improve the device.

1. Introduction

Vibration related phenomena such as resonance, vortex induced vibration and flutter are often
undesirable in many engineering applications as they can cause structural failures [1]. However, the
opposite case is viewed in energy harvesting practices as these phenomena encourages the generation
of electrical power. Although vibrations are usually related to contacts between solid objects, they can
also be induced from fluid-structure interactions due to aerodynamic forces. Some researchers take
advantage of the oscillations generated by fluid-structures interactions to harvest renewable energy
from low wind speeds because at this range, these methods are deemed more effective than wind
turbines [2-5]. The power obtained from these energy harvesting methods are usually small but they
provide a good alternative for batteries in low-powered electronics. Nevertheless, many researchers
have attempted to increase the performance of energy harvesters using various methods.

While resonance and vortex induced vibrations experience significant oscillations within a limited
range of wind speeds, flutter on the other hand can occur over a larger range of wind speeds due to its
self-sustained behavior [6], making it a promising choice for energy harvesting. Several designs have
previously been proposed to harvest wind energy from flutter oscillations using membranes [7],
cantilever beams [8] or flags [9] but the one that stands out is the dual cantilever flutter (DCF) design
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by Hobeck et al. [10,11] due to its unique characteristics. The DCF design consist of two vertical
cantilever beams that are placed side by side separated by a small gap and facing the direction of the
wind flow. When exposed to the wind flow with speeds larger than the critical flutter speed (minimum
wind speed for flutter to occur), the beams oscillate in an anti-phase manner with respect to each other.

This study aims to optimize an electromagnetic DCF for wind energy harvesting applications. If
designed properly, the anti-phase motion from the DCF may be used to increase the relative velocity
between the conductor and the permanent magnet which in turn can quadruple the power output [12].
Several parameters such as the load resistance, magnet arrangement and beam dimension were
analyzed through experiment and simulation. The power output of the final optimum device was then
tested experimentally and compared to the initial design, emphasizing the improvements obtained.
Finally, several suggestions were highlighted for further improvements of the device.

2. Theoretical modelling of and experimental setup
Assuming that both cantilever beams can be represented by a single degree of freedom (SDOF) system
under forced excitation,

Mxl+Cxl+le=FL l=1,2 (1)

where x, x and X are the beam’s displacement, velocity and acceleration response whereas M, C and K
are the equivalent mass, damping and stiffness of the beam. F is the excitation force and the subscript
i are indicators to differentiate the two beams. Considering the fluid forcing terms [11], equation (1)
can be re-defined as:

M¥; + C; + Kx; = % +2paAiCp (U =51 + M (2 — xDx;  i=1,2j=21 (2)
where y, a and € are constants, p,, Cp and U are the density, drag coefficient and velocity of the air
flow A is the area of the beam exposed to the airflow, otherwise known as the wetted area and g =
10000 m's™!. Subscript j indicates the other beam in conjunction with subscript i. Considering the
region after the critical flutter speed and assuming that both beams flutter with the same speed but in
an anti-phase motion, the voltage output generated at the load resistance (connected in parallel) is

Ry,

V, = 2Kx;0; ——
L L Re+RL

i=1,2 (3)
where V; is the voltage output at the load resistance, Kis the electromagnetic coupling coefficient, w is

the flutter frequency of the beams and R, and R; are the coil and load resistance respectively. The
power output can then be calculated as

VL2

pot @)

In this study, an experiment was conducted to verify the optimization. Two cantilever beams
measuring 229.5 mm %X 20.0 mm x 0.5 mm (length X width x thickness) were clamped side by side
into the test section of a low-speed wind tunnel. The beams were oriented so that they are
perpendicular to the incoming air flow, hence forming the DCF. A pair of neodymium magnets of
grade N35 was attached onto one of the beams and two identical wounded coils were attached onto the
other beam as seen in Figure 1. Some proof mass was added to the coil to tune its frequency to be
similar to the magnet-holding beam. The two beams were placed close to one another to maximise the
electromagnetic coupling factor, with the centre of the coil being approximately 7.0 mm away from
the surface of the magnets. At this distance, the electromagnetic coupling factor was measured to be
around K = 0.14 Tm.
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Figure 1. Experiment setup for an electromagnetic DCF energy harvester.

Two laser displacement sensors were used to capture the free-end oscillations of the beams. The
coil was connected in parallel to a variable load resistor and the responses of the sensors and the coil
were transferred to a computer through data acquisition device (DAQ). Note that only the output from
a single coil was measured from the device, which is the coil closest to the permanent magnet. The
DCF was then tested at different wind speeds ranging from 2.0 ms™ to 15.0 ms™'.

3. Results and Optimization
This section presents the results and parametric optimisation conducted on the electromagnetic DCF
energy harvester, as well as suggestions for further improvements.

3.1. Optimisation of the load resistance

The device in Figure 1 was tested until significant oscillations were observed, indicating the
occurrence of flutter. It was found that even at a low wind speed of 4.0 ms™, the electromagnetic DCF
has already achieved flutter. Afterwards, the resistance value of the variable load resistor was varied
between 0.0 Q to 20.0 Q to determine the optimum load resistance, which is the load resistance
corresponding to the maximum power output, while maintaining the same wind speed of 4.0 ms'.
Figure 2 demonstrates the oscillations recorded by the laser displacement sensors at a wind speed of
4.0 ms™! and the variation of power output (calculated using equation (4)) against load resistance for
the electromagnetic DCF. Beam 1 and Beam 2 in Figure 2 refer to the two beams of the DCF.
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Figure 2. Recorded beam displacements at 4.0 ms™ wind speed (left) and power output against load
resistance (right).
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Figure 2 shows that both beams recorded an anti-phase motion relative to each other, which is the
ideal scenario for electromagnetic energy harvesting. The optimum load resistance value is seen to lie
somewhere between 2.0 Q and 4.0 Q. The internal resistance of the coil was measured to be 2.7 Q,
which lies within the said optimum range. This means that the optimum load resistance for an
electromagnetic DCF can be considered similar to that of a conventional SDOF vibration energy
harvester for low coupling cases, where the optimum value is about equal to the coil resistance [13].

3.2. Optimisation of the magnet arrangement

The pair of magnets for the electromagnetic DCF harvester have two possible arrangements. Either
both magnets have the same poles facing outwards or both magnets have opposite poles facing
outwards. The current setup in Figure 1 has the latter arrangement. A two-dimensional simulation was
conducted using Finite Element Method Magnetics software to explore which arrangement is more
favourable for the device as seen in Figure 3. In this case, the more favourable one would be the
arrangement that outputs a larger magnetic flux density as this parameter is directly proportional to the
electromagnetic coupling coefficient, K. Both magnets measure 25.0 mm % 10.0 mm % 5.0 mm and are
spaced 8.0 mm away from each other and are attached to a non-magnetic material (plastic).
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Figure 3. Permanent magnet simulation for two different arrangements with outward facing poles
inscribed onto the magnets.

Taking the average magnetic flux density at a distance of 7.0 mm from the surface of the magnets,
the arrangement where two alike poles are facing outwards recorded a flux density of 0.066 T whereas
the other arrangement recorded a flux density of 0.100 T. This shows that the latter arrangement is
more ideal for the DCF device.

3.3. Optimisation of the cantilever beam length

The power output at the optimum load resistance shown in Figure 2 is relatively low and may not be
useful for practical applications, despite having the ideal magnet arrangement. One of the main
reasons for this is that despite the high amplitude oscillations, the flutter frequency recorded was only
2.8 Hz. According to equations (3) and (4), the power output of the device is highly dependent on the
product of amplitude and frequency. Hence, the length of the cantilever beam was reduced to 135.0
mm in an attempt to increase the flutter frequency. This beam was then tested using the favourable
magnet arrangement and under the optimum load resistance, with the results presented in Figure 4.
Like in Figure 2, the power output here was calculated using equation (4).

The first observation one may notice is that the theoretical model agrees well with the experimental
results. It is seen that the optimised DCF has a larger critical flutter speed at approximately 8.8 ms!
compared to the initial DCF. Nevertheless, this is still considered within the range of low wind speeds
[10]. Consequently, the DCF now vibrates at a much higher frequency of 6.2 Hz, resulting in a
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significantly larger power output of nearly 1.0 mW at a wind speed of 14.6 ms™'. This represents an
approximately six times increase in power generated compared to the initial device. While the power
generated is still quite low, it is now sufficient for small electronics such as wireless sensor nodes.
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Figure 4. Amplitude response, voltage and power output of the optimized electromagnetic DCF
energy harvester.

3.4. Suggestions for further improvements

Although the optimization results presented here so far has demonstrated a significant improvement in
terms of power output, it is still possible to increase the performance of the device. For example,
instead of being separated by a non-magnetic material, a soft magnetic material like iron can be used
instead to connect the pair of permanent magnets. Additionally, it would be possible to reduce the
distance between the magnet and the coil so that the coil is exposed to a larger magnetic flux density.
The magnets used in the experiments were neodymium magnets of grade N35. If a higher-grade
magnet was used, the performance of the device can be further increased.
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Figure 5. Permanent magnet simulation for newly suggested considerations to further improve the
performance of the electromagnetic DCF energy harvester.

Consider the case where neodymium magnets of grade N52 were used instead and that these
magnets are separated by a soft magnetic material like iron instead of plastic. Next, consider that the
distance between the coil and the magnets were reduced to 5.0 mm. Repeating the magnetic simulation
from Figure 3 using these new considerations results in a much stronger magnetic flux density as
shown in Figure 5. The measured magnetic flux density in Figure 5 is 0.206 T which is around twice
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as large as the ideal arrangement measure in Figure 3. Theoretically, this will result in a four times
larger power output that what was obtained in Figure 4.

4. Conclusion

This study presents a parametric optimization for an electromagnetic DCF energy harvester.
Experimental results showed that the optimum load resistance value for the device is approximately
equal to the internal resistance of the coil, which is identical to a SDOF vibration energy harvester
with low electromagnetic coupling coefficients. It was then demonstrated through simulation that if
the permanent magnets were arranged in a way that opposite poles are facing outwards, the magnetic
flux density produced would be 51.5% than if the magnets were oriented so that alike poles are facing
outwards. Reducing the length of the DCF beams by 94.5 mm resulted in six times increase in power
output, although the critical wind speed also rose by 125.0%. Finally, based on the suggestions made
to increase the magnetic flux density, it was shown that the power output of the device can be further
improved by approximately four times more. As a continuation of this work, it would be interesting to
explore the possibility of using more cantilever beams to create an array of electromagnetic DCF
energy harvesters.
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