Sensors and Actuators A 321 (2021) 112577

Sensors and Actuators A: Physical

journal homepage: www.elsevier.com/locate/sna

Contents lists available at ScienceDirect

Counterweight-pendulum energy harvester with reduced resonance
frequency for unmanned surface vehicles

Check for
updates

James Graves, Yang Kuang, Meiling Zhu*

College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter, EX4 4QF, UK

ARTICLE INFO

Article history:

Received 14 October 2020
Received in revised form

26 December 2020

Accepted 22 January 2021
Available online 28 January 2021

Keywords:

Energy harvesting
Electromagnetic

Pendulum

Mechanical rotation rectifier
Frequency tuning

Wave energy

ABSTRACT

In this paper, a novel electromagnetic pendulum energy harvester with a counterweight is designed to
harvest low frequency vibration from ocean waves for unmanned surface vehicles. This design is the first
of its kind, allowing the natural resonant frequency of the pendulum to be reduced without increasing
its length, thereby maintaining a high power output from the energy harvester at lower frequencies than
previously possible with pendulums of the same size. Implementing a novel mechanical rotation rectifier
(MRR) system for a high energy conversion efficiency, this counterweight pendulum energy harvester can
provide multi-watt-level power at frequencies lower than 1 Hz, with a primary pendulum arm length of
just 195mm. When actuated at 0.1 g rms, the pendulum energy harvester with a counterweight produced
electrical power of 0.997 W at 0.75 Hz, compared to 0.168 W without the counterweight. The average
normalised power output of the system at this frequency is 95.8 W/g2, corresponding to a power density
of 6.11 W/g?/kg. Testing of a range of configurations of the pendulum mass and counterweight shows
a clear linear relationship between the ratio of lengths of the pendulum arms and the reduction of the
natural frequency of the system. This demonstrates empirically that this device is capable of operating
under conditions in which existing energy harvesters are unable to provide adequate power, and therefore
provides a significant development in energy harvesting in an ultra-low frequency marine environment.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Unmanned Surface Vehicles (USVs) are small, primarily
autonomous vessels often used for exploration of the marine envi-
ronment. These USVs are usually powered by some combination of
batteries, fuel cells, and solar panels, allowing them to make short
journeys for a number of days or weeks. However, there are signif-
icant limitations with the current power supply strategies; those
relying on energy storage alone having finite journey times, and
those with solar are limited to regions with sufficient sunlight to
maintain energy stores. Energy harvesting can be used to capture
energy from the ambient environment and store it in batteries,
potentially providing sufficient power for an indefinite period of
exploration and thus allowing USVs to be active for months at a
time.

The most abundant energy source around the USVs is the motion
of the waves. While a number of devices have been designed for
wave energy harvesting, the majority of them rely on part of them
being submerged in the water, making them unsuitable for USV
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use [1,2]. Due to the energy harvester needing to be contained
within the hull of the USV, it is therefore essential to review inertial
energy harvesting techniques. The power consumption of an USV
is estimated to be at least watt-level [3]. This power requirement
is far beyond the state-of-the-art inertial energy harvesters based
on piezoelectricity and linear electromagnetic transduction, which
usually produces power outputs from a few microwatts to tens of
milliwatts [4]. A potential method to achieve the required power
level is by using a rotary motor driven by a pendulum with a low
resonance frequency. In the previous study, the present authors
developed a pendulum energy harvester capable of producing 0.72
W when actuated at 0.18 g and 1 Hz [5].

One of the main challenges of a pendulum energy harvester
for wave motion energy harvesting is to achieve the low resonant
frequency within a limited size, because the squared resonant fre-
quency of a pendulum is inversely proportional to the arm length,
i.e. the distance from the pivot to the mass. A pendulum with a nat-
ural frequency less than 1 Hz is usually too large to install within
a small enclosed space. Within the energy harvesting community,
there has been signficant investigation into methods of tuning the
resonant frequency of such devices irrespective of their arm length.
Ding et al. [4] designed and tested a horizontal pendulum energy
harvester for use in underwater mooring platforms, which had res-
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onant frequencies in the range of 0.2—0.3 Hz when the pendulum
had a pitch angle of 3-5 degrees. Adopting a different approach,
Mitcheson et al. [6] used a power management circuit to adjust
the electrical damping and natural frequency of an electromagnetic
pendulum energy harvester, allowing a +10 % change in the reso-
nant frequency. This design was further tested experimentally by
Toh et al. [7] within a USV, demonstrating an ability to decrease the
natural frequency by as much as 20 %, but with the device only pro-
ducing an average of 0.3 mW in real-world testing. Using a different
electronic control strategy, Boren et al. [8] implemented a system
whereby the generator is sometimes driven as a motor to assist
in maintaining optimum pendulum motion for energy harvesting.
Simulation results suggest an increase in performance with this
kind of active control, though these have thus far only considered
extremely large scale devices in the range of hundreds of kilowatts,
and are yet to be validated experimentally. A similar approach
by Wu et al. [9] uses a variable capacative load to alter resonant
frequency. Addressing the problem with a mechanical approach,
Yurchenko et al. [10] proposed the concept of a pendulum with
N equally spaced masses, as a method of isolating the natural fre-
quency of the pendulum from its length. This shows theoretically
that the presence of additional masses can reduce the natural fre-
quency of a pendulum, with a prototype pendulum later tested
experimentally by Alevras et al. [11].

Although the N-pendulum has shown capabilities in reducing
the resonance frequency, its effectiveness for energy harvesting has
not been studied since no energy harvester based on this mecha-
nism has been built. This work therefore develops the first energy
harvester based on the N-pendulum mechanism for USVs. The pen-
dulum energy harvester consists of a primary pendulum mass as
would be present in a traditional pendulum, with the addition of
a smaller counterweight mass placed at 180° to it to reduce the
resonant frequency. This allows the pendulum energy harvester
to work at a lower frequency range without increasing its dimen-
sions. A unique mechanial rotation recitifier is used to convert the
oscillation of the pendulum to the unidircational rotation of a DC
generator to increase the efficiency of energy transduction. The
design, fabrication, and testing of the counterweight pendulum
energy harvester are reported in this work.

2. Theory of the counterweight pendulum

Fig. 1 shows a schematic of a counterweight pendulum, which
consists of two rigid pendulum arms fixed at 180° to one another.
The first holds the pendulum mass, my,, placed at a length, Ly;, from
the centre of rotation, O. To the second is affixed the counterweight,
mc, at a distance, L¢, from point O. Assuming that the masses of
the arms are small, the dynamics of the pendulum subjected to a
horizantal excitation of Acos (a)ft) can be expressed as:

(mmLy +meld) 6+ 40 + (mpLy — mcLe)g sind
= (myLy — mcL¢)cos - Acos (wyt) (1)

where 0 is the angular displacement; c, is the damping coeffi-
cient; A and oy are the amplitude and frequency of the excitation
acceleration. It is worthwhile pointing out that the pendulum may
experience full rotation when actuated by rough waves. Therefore,
the space allocated for a pendulum without a counterweight would
be approximately the same as the pendulum with one.

When 6 is small, the undamped resonance frequency of the pen-
dulum is:

mpy Ly — mcL
o = (mpm 1\/12 c Cz)g 2)
mMLM-i-mCLC
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Fig. 1. Schematic of the counterweight pendulum.

Eq.(2)suggests that the resonance frequency decreases as either
the mass of the counterweight mc, or the length of the counter-
weight arm, Lc, is increased. This is because the counterweight
reduces the restoring torque stiffness of the pendulum, which is
(mpmLy — meLe) g, and increases the moment of inertia of the pen-
dulum, which is myL2, + mcLZ.

3. Description of energy harvester design

Fig. 2 (a) shows the design of the pendulum energy harvester
with counterweight to reduce its resonance frequency. It is com-
posed of a pendulum frame, mass, counterweight, mechanical
rotationrectifier (MRR) and a geared motor. The fixed central axis is
mounted at its ends to the hull of the USV, shown in Fig. 2 (b), such
that it cannot move. When excited by the pitching motion of the
USV due to the ocean waves, the pendulum frame oscillates about
the fixed central axis. The oscillation of the pendulum is transmit-
ted to the input gears of the MRR, which rectifies the bidirectional
oscillation to a unidirectional rotation. The gearhead increases the
speed of the rotational output and transmits it to the DC motor to
produce electricity.

In addition to the counterweight used to reduce the resonance
frequency, the pendulum energy harvester in this study features
a novel mechanical rotation rectifier design, which uses the min-
imum number of components to realise the motion rectification
so as to maximise the efficiency while minimising backlash and
complexity. The design and functionality of the MRR system mech-
anism is illustrated in Fig. 3. As shown in Fig. 4, Input Gear 1
and Input Gear 2 are each mounted to the outer race of one-way
clutches, with supporting bearings to put the gears in double sheer
and hence reduce sheer forces on the clutches to improve lifespan
and efficiency. These one-way clutches are oriented in opposing
directions, and both are mounted onto a collar which is fixed to
the central shaft. As seen in Fig. 3 (a), the Idle Gear and Output
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(b)

Fig. 2. Design of pendulum energy harvester with counterweight: (a) out of vessel, and (b) on board a section of a USV.
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Idle Gear

Input Gear 2

Idle Gear
(transmitting)

Direction of pendulum

Fig. 3. Operation of the Mechanical Rotation Rectifier system during motion: (a) Gearing assembly, (b) Top-down view of gearing assembly, (c) End view during clockwise
rotation of the pendulum, and (d) End view during anticlockwise rotation of the pendulum.

Gear are each mounted on separate smaller shafts, arranged such
that they mesh with each other, with the Idle Gear also meshing
with Input Gear 1 and the Output Gear meshing with Input Gear
2. The ability to transmit power in this way comes from offset-
ting the gears, as seen in Fig. 3 (b). It is this use of offset gearing
which allows a minimal number of components to be used and
hence maximises efficiency while minimising backlash and com-
plexity. The power transmission through the gearing can be seen in
Fig. 3 (c & d), as the pendulum frame rotates in the clockwise and
anticlockwise directions. It should be noted that the inner races

of Input Gears 1 and 2 are fixed on the central axis and there-
fore each gear remains stationary during transmission, hence their
effective directions of rotation within the MRR oppose that of the
pendulum frame, as shown in Fig. 3. In the clockwise direction
as shown in Fig. 3 (c), Input Gear 1 is effectively driven by the
motion of the pendulum, which transmits torque directly to the
Output Gear. In the anticlockwise direction, as shown in Fig. 3 (d),
Input Gear 2 acts as a driving gear, which in turn transmits torque
via the Idle Gear to drive the Output Gear. It can be seen, there-
fore, that the output will always be driven in the same direction,
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Fig. 4. Cutaway view of input gears, showing positions of clutches and bearings.

regardless of the direction of the input motion of the pendulum
frame.

The energy harvester utilises a Faulhaber 2237S048CXR (Elec-
tro Mechanical Systems Ltd., Dorset, UK) DC motor as a generator,
chosen primarily for its extremely low rotor inertia, minimising the
torque required to drive it and hence maximising the power pro-
duced at any given speed. The gearhead used is a Portescap R32.0
99.8 (Portescap S.A., Neuchatel, Switzerland) gearhead, which was
selected primarily for its high torque capabilities as well as effi-
ciency, with a ratio designed to enable the motor to maintain its
optimum speed for power generation. Gearhead selection is first
limited by torque capabilities, which must exceed the maximum
dynamic torque out of the MRR, and a motor must be capable of
handling the maximum expected power generated by the system.
Based on these specifications, a gearhead and motor combination
can be chosen based on the aforementioned selection criteria used
here.

4. Experimental methods

The experimental setup for testing the pendulum energy har-
vester is shown in Fig. 5. The energy harvester was attached to the
table of an APS 113 long stroke shaker (Techni Measure Ltd., Don-
caster, UK) by fixing the ends of the central shaft to a steel frame. A
Tektronix AFG3022C Function Generator (Tektronix UK Ltd., Berk-
shire, UK) was configured to produce a harmonic signal, which was
amplified by an APS 125 Power Amplifier and then used to drive the
shaker. The acceleration produced by the shaker, which is limited
by its maximum displacement range of 150 mm, was monitored by
Kistler 8762A5 accelerometer (Kistler Instruments Ltd., Hampshire,
UK). The terminals of the DC motor were connected across an exter-
nal load resistance box and the voltage across the load resistance
was measured to calculate the average power generation.

The device parameters for the energy harvester are shown in
Table 1. A pendulum mass of 7.9 kg and a counterweight of 4.4 kg
were used. The arm length for the pendulum mass Ly; was adjusted
by securing the mass to two positions, labelled as M1 to M2 in Fig. 6.
The arm length for the counterweight L was changed by securing
the counterweight to three positions labelled as C1 to C3. When the
counterweight was not used, the arm length for the counterweight
L¢ is effectively zero. The combination of Ly; and L¢ leads to in total
six configurations of the pendulum energy harvester with the coun-
terweight and two configurations without the counterweight, all of
which were tested experimentally.

Sensors and Actuators A 321 (2021) 112577

Table 1

Energy harvesting device parameters.
Energy Harvester Parameters Value Units
Motor nominal voltage 48 A%
Motor no load speed 7000 rpm
Motor rotor inertia 3.1 g. cm?
Motor speed constant 150 rpm/V
Motor torque constant 63.5 nNm/A
Motor terminal resistance 62.8 Q
Gearhead gear ratio 99.8 -
Gear ratio of MRR 0.625 -
Mass of primary mass 7.9 kg
Mass of counterweight 4.4 kg
Total inertial mass with counterweight 15.6 kg

Dimensions of harvester 393(L)x230(W)x120(D) mm

5. Experimental results and discussion

The representative voltage and energy output of the pendulum
energy harvester with and without counterweight are presented, at
theirrespective resonant frequencies of 0.65 and 1.1 Hz, in Fig. 7. For
each case, the input excitation was fixed at the maximum displace-
ment of the shaker, and so input acceleration varies with frequency.
In both configurations, the voltages are of single polarity because
the motor always rotates in a single direction due to the mechan-
ical rotation rectifier. Without the counterweight, the pendulum
energy harvester actuated at 0.2 g rms and 1.1 Hz produced 9160
m] of energy in two seconds, corresponding to an average power
of 4.58 W. The normalised energy output is therefore 114.5 W/g2.
When the counterweight was introduced with L = 175 mm, the
pendulum energy harvester actuated at 0.13 g rms produced an
energy of 1080 m] after 2 s, corresponding to an average power of
0.54 W and normalised power of 32.0 W/g2.

To determine the optimal load resistances for power generation,
the power outputs of the pendulum energy harvester connected to
different load resistances were measured. For each configuration,
the excitation frequency was kept constant at the resonance fre-
quency determined in initial tests. As expected, when L), is fixed,
the optimal load resistance for each configuration increases with
Lc, as shown in Fig. 8. This is due to a decreasing net restoring
torque as the counterweight arm length is increased, meaning that
the lower impedance caused by a higher external load allows for
higher efficiency motion of the pendulum.

Fig. 9 shows the normalised power output of the pendulum
energy harvester against the excitation frequency. For each con-
figuration, the optimal load resistance determined from Fig. 8 was
used.

Without the counterweight, the pendulum energy harvester
with Ly; = 195 mm and Ly; = 155 mm showed a resonance frequency
of 1.1 and 1.2 Hz, respectively. As expected, based on Eq. (2), the
resonance frequency of the pendulum energy harvester decreases
as L¢ increases. To evaluate the effectiveness of the counterweight
in reducing the resonance frequency, frequency reduction ratio is
considered, which is defined as:

nf _ fOf_Ofc

where f. and fy are the resonance frequency of the pendulum energy
harvester with and without the counterweight, respectively. With
Ly = 195 mm and Ly = 155 mm, the frequency reduction ratio
increases with L;, as shown in Fig. 10 (a). With the same counter-
weight arm length, a larger frequency reduction ratio is achieved
with a shorter Ly;. When L = 175 mm, the resonance frequency of
the pendulum is reduced by 0.53 with Ly; = 155 mm, opposed to the
reduction by 0.41 with Ly; = 195 mm. This is because the resonance
frequency is dependent on the ratio of L¢ to Ly, as can be verified by
plot of 7y against Lc /Ly in Fig. 10 (b). The same frequency reduc-

(3)
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Fig. 5. Experimental setup for the low frequency pendulum energy harvester.

Position

Distance from centre

Fig. 6. Positions of pendulum mass and counterweight with respect to centre of rotation.

tion ratio is obtained when L¢/Ly is the same, regardless of the
values of Ly. From Eq. (2), calculated values of ; are also shown
in Fig. 10 to validate the mathematical description of the energy
harvester. Based on this validation, it is then possible to predict the
frequency reduction ratio of the device under given size constraints,
with varying values of m¢/my;, as shown in Fig. 11.

While the counterweight reduces the resonance frequency, it
negatively impacts the power output at the resonance frequen-
cies, as can be seen in Fig. 9. This is because the inertial forces
experienced by the pendulum mass and the counterweight always
generate opposite moments. As a result, the total input torque to
the pendulum, which can be obtained from Eq. (2), is:

T = (myLy — mcLc)Acos (wyt) (4)
Eq. (4) clearly shows that the counterweight reduces the torque

input to the pendulum energy harvester due to the reduced torque
stiffness of the harvester. As a consequence, the power output is

reduced at the resonant frequency. Nevertheless, it should be high-
lighted that the pendulum energy harvester with counterweight
is capable of operating at a lower frequency vibration from ocean
waves. Results from Fig. 9 suggest that with the same arm length
or volume, the pendulum energy harvester with counterweight is
able to produce a significantly higher power output at lower fre-
quencies. For example, the pendulum energy harvester without the
counterweight produces 16 W/g2 at 0.75 Hz when the pendulum
arm length is 195 mm. Without increasing the volume occupied by
the pendulum, the addition of a counterweight with Lc =135 mm
increases the power output at 0.75 Hz by 5.95 times to 95.34 W/g2.
Table 2 compares the performances of low-frequency vibration
energy harvesters in the literature. This demonstrates the advan-
tage of this device over existing designs as it capable of operating
at the low frequencies present on board a USV, where existing
designs are unusable. At the same time, the counterweight pen-
dulum energy harvester is able to maintain a high power density at
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Table 2
Comparison of low frequency vibration energy harvesters.
Energy Harvester Type Ly; Le(mm) Frequency(Hz) Acceleration (g) Inertial Mass (kg) Power (mW) NPD(W/g?/kg)
Thi " EM 195; 135 0.75 0.102 15.6 997 6.1
1s wor 195;0 1.1 0.110 11.1 1497 11.15
Graves et al. [5] EM - 1 0.186 1.6 720 12.32
Liang et al. [12] EM - 1 - 0.36 - 1.6
Sahaetal. [13] EM - 2.5 1 0.027 1.86 0.069
Kuang et al. [14] EM - 5.8 0.2 0.014 1.31 2.37
Arakawa et al. [15] ES - 10 0.40 0.7 x 103 6x 1073 0.054
0.8 - y T T of reducing the natural frequency of a pendulum without increas-
o =L, =195mm, L. = 95mm N . e .
= - ~ A ing its length, while also maintaining sufficient power output of the
14 Ly, = 135mm, L. = 135mm /" device at these lower frequencies. Demonstrating this high power
§ 0.6 wLy, = 155mm, L = 95mm 7 i’ output at low frequencies in the 0.5—1 Hz range, it is clear that
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Fig. 11. Calculated variation of the frequency reduction ratio against mc/mu.

these frequencies, making it suitable for real-world use in ultra-low
frequency environments.

6. Conclusion

In this paper, a novel design of a counterweight-pendulum
to reduce the natural frequency of a pendulum energy harvester
has been proposed, fabricated, and tested experimentally for har-
vesting low frequency vibration from ocean waves for unmanned
surface vehicles. The inclusion of adjustable pendulum and coun-
terweight arms has allowed a variety of configurations to be tested
and therefore analysed based on empirical evidence. The optimal
load resistance for each configuration was first determined at the
resonance frequency. Following that, the maximum power output
of each configuration was measured with the energy harvester con-
nected to the optimal load. The experimental results have proven
the ability of the counterweight to tune the system to different res-
onant frequencies; this reduction in resonant frequency has been
shown to be linearly proportional to the ratio of the mass arm
lengths. The counterweight has been shown to increase the output
power at certain lower frequencies by as much as a factor of 5.95,
showing conclusively that this energy harvester design is capable
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