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Abstract: This study aims to develop a device for harvesting electrical energy from low-speed natural
wind. Four linear Halbach arrays are adopted to design a high-performance galloping harvester
with the advantage of high durability and efficiency at low-frequency vibrations. The results of
magnetic field analysis reveal that there are optimal sizes of the main and transit magnets of the
Halbach arrays and coil to obtain the maximum magnetic flux density normal to the coil. The
experimental and simulation results show that the electrical external load resistance significantly
affects the vibration amplitude and the galloping onset velocity of the harvester. The results also
reveal that the performance of the original design using the quadruple Halbach array was lower
than that of the existing harvester because of the heavy magnet mass embedded in the tip prism.
The modified design, reducing mass, improved the performance by four times compared to the
original design.
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1. Introduction

Most wireless sensors are currently powered by batteries, which require regular
charging or replacement. Owing to the high cost and inconvenience of battery replacement,
powering wireless sensor systems by energy harvesters has been developing rapidly and
has shown great achievements in many different applications. There have been many
studies to develop energy harvesters based on piezoelectric [1–3], electromagnetic [4–6],
and electrostatic [7] transductions.

Electrostatic harvesters are compact converters with a simple structure. However,
electrostatic generators convert less power per unit volume than piezoelectric generators [7].
Piezoelectric generators also have a compact configuration and produce high-output
voltage. However, the drawbacks of piezoelectric generators are low durability under
repeated stress and low efficiency at low frequency. Electromagnetic generators are highly
durable and are efficient at low frequency. However, they generate a low output voltage
and are bulky in size due to their magnets and pick-up coil.

Wind is a widespread kinetic energy readily available in nature. However, small
generators that have been scaled down from proven large wind turbines have poor per-
formance due to aerodynamic problems, such as high drag at low Reynolds numbers.
Therefore, successful miniature wind energy harvesters use fluid-induced vibrations such
from galloping [4,5], flutter [3,8] vortex-induced vibration [9,10], and wake galloping [11].

Flutter, a divergent vibration, is a good energy source because of its large amplitude.
However, there is a disadvantage that flutter does not occur easily in low natural winds
due to its high onset velocity. Vortex-induced vibration occurs only in the lock-in range
where the vortex shedding frequency becomes close to the natural frequency of the har-
vester. Therefore, the main drawback of vortex-induced vibration harvester is the narrow
bandwidth of wind speed for generating electric power. Zhao and Yang [12] provided an
intensive literature review of wind energy harvesters.
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Galloping is a widely used wind energy source because it readily occurs at low wind
speeds. Galloping of an elastic body occurs when the wind speed exceeds a certain thresh-
old, resulting in a significantly large oscillation [13]. Many researchers have proposed
energy harvesters to convert aeroelastic galloping vibrations into electricity [4,5,12–17]. A
galloping energy harvester generally consists of a tip prism to generate a galloping aerody-
namic instability, a metal cantilever or spring that provides a restoring force, and a generator
that converts vibrations into electricity. The performance of a galloping energy harvester de-
pends on how well the electric generator is designed to cope with aerodynamic instability.

In order to take advantage of electromagnetic transduction suitable for low-frequency,
wind-induced vibrations, Le and Kwon [4] proposed a cantilever-type galloping energy
harvester with a double magnet design. This study aims to propose a new energy harvester
design by adopting Halbach arrays to increase the magnetic flux. The new harvester is
investigated through theoretical and experimental studies. The scope of this study is
limited to the design of an electromagnetic generator associated aerodynamic galloping
phenomena, and does not deal with charging or related electrical issues.

2. Method and Analysis
2.1. Device Configuration

A galloping energy harvester is a device that generates a modest amount of electricity
using wind-induced vibration. Figure 1 shows a schematic of a typical galloping energy
harvester, which primarily consists of a tip prism, a cantilever plate, and an electric gener-
ator. The movable tip prism elicits aerodynamic galloping instability, and the cantilever
plate or spring provides a restoring force. Piezoelectric or electromagnetic generators are
commonly used. A piezoelectric generator converts the bending strain at the cantilever
root, but is less durable under repeated vibrations. An electromagnetic generator uses
relative motion between the magnet and the coil, which is produced by galloping.
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Figure 1. Schematic of a typical galloping energy harvester.

Galloping, a well-known aerodynamic instability, is the main energy source for power
generation here. There are three main considerations for designing a high-performance
galloping harvester. First, the shape of the tip prism should be designed to easily facili-
tate galloping. It is known that galloping occurs severely in square cross-section [18,19].
Second, the mechanical damping of the harvester must be as low as possible to generate
high-amplitude oscillations at low wind speeds. A cantilever structure is advantageous
in reducing the mechanical damping because there are few friction-causing links or con-
nections in cantilever. Third, the electric generator must be designed considering the
interaction with the aerodynamic vibration; too much electrical generation results in lower
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galloping amplitudes and higher cut-in wind speeds. The balance between generated
electric power with galloping-driven power is important.

The induced current of an electromagnetic generator is proportional to the magnetic
flux density. The higher the magnetic flux density, the higher the performance of the
generator. Unlike ordinary magnets, a Halbach array has asymmetrical magnetic fields. As
shown in Figure 2, the Halbach array consists of main magnets and transit magnets. The
superimposition of the magnetic flux caused by main magnets and transit magnets creates
a stronger magnetic field on the active side while reducing the field on the quiet side to
near zero. The coil placed on the active side can receive a stronger magnetic flux.
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Figure 2. Principle of the Halbach arrays magnetic circuits [20].

There are a few types of Halbach arrays depending on the magnet arrangement, such
as linear, cylindrical, and spherical arrays. One of the main disadvantages of Halbach arrays
is the difficulty in forming the target arrangement because of strong repulsive magnetic
forces. This makes Halbach arrays expensive to fabricate. However, the flat linear Halbach
arrays have a simple structure and are cost-effective compared with other arrangements.

This study employs multiple linear Halbach arrays to increase the magnetic flux
density at the coil. Figure 3 shows a schematic of the generator proposed in this study.
Two linear Halbach arrays composed of five magnets each are placed on both sides, and a
pick-up coil is placed between them. By placing the two Halbach arrays facing each other,
the magnetic flux is concentrated on the inside where the coil is located and the magnetic
flux is low on the outside.
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transit magnet).

2.2. Basic Theory

The response of a galloping energy harvester is governed by the fluid–structure–electrom-
agnetic interaction. When a damped-prism oscillator is subjected to a crosswind force and an
electromagnetic force, the governing equation can be expressed as:

m
..
y(t) + c

.
y(t) + ky(t) = Fwind(t) + Fem(t) (1)

where y is the tip displacement, m is the mass, c is the mechanical damping coefficient, k
is the stiffness provided by the cantilever or spring, Fwind is the wind force, and Fem is the
electromagnetic force induced by the coil. The relation between the induced coil voltage
and the relative velocity between the coil and the magnet is given by:

.
V(t) +

(RL + Rc)

Lc
V(t) = Φ(t)

RL
Lc

.
y(t) (2)

where V is the generated voltage, Rc is the coil resistance, RL is the external load resistance,
LC is the coil inductance, and Φ is the electromechanical coupling coefficient related to the
magnetic field. The following approximation is applicable to estimate the average coupling
coefficient of the coil [21] as:

Φ ≈ Bnlw (3)

where Bn is the average normal component of the magnetic flux density to the coil, and
lw is the total coil length in the magnetic field. The electromagnetic forces opposing the
vibrational motion can be described as a function of the induced voltage in the coil as:

Fem =
Φ(t)
RL

V(t) (4)

The attitude of the galloping body with respect to the flow depends on the wind
velocity and the moving body velocity. The rotation angle of the tip prism also affects
the resultant wind velocity. The effective angle of attack at the tip can be derived from a
quasi-steady approach, considering the wind velocity, body velocity, and the tip rotation
angle. The wind force acting on the tip prism is given by Equation (5):

Fwind =
1
2

ρU2 A

{
a1

( .
y(t)
U

− 3y(t)
2L

)
+ a3

( .
y(t)
U

− 3y(t)
2L

)3}
(5)
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where U is the wind speed, ρ is the air density, A is the frontal area of the tip prism, L is
the cantilever length, and a1 and a3 are the empirical galloping coefficients associated with
shape of the tip prism. The generated electric power is obtained from the voltage and the
applied external load resistance using the following relation:

P ≈ V2/RL (6)

2.3. Simulation Model

For the analysis and design of this galloping energy harvester, the analysis was divided
into two stages. First, the magnetic flux density acting on the coil was calculated to optimize
the performance of the electromagnetic generator. These computations were performed
using FEMM 4.2 software [22].

Then an analysis was done to obtain the dynamic displacement and the induced
voltage of the galloping energy harvester by simultaneously solving Equations (1) and (2);
the results were nonlinear because of the cubic power terms related to the angle of attack in
Equation (5). The Runge-Kutta 4th order method in MATLAB was used in the simulation.

3. Design Optimization
3.1. Optimization of the Magnet and Coil Dimensions

As shown in Figure 3, two electric generators were placed at the top and bottom of
the tip prism. Each generator consisted of a linear Halbach array and a pick-up coil, as
shown in Figures 2 and 4. The relative size and position of the coil and magnets affected
the performance of the generator. Figure 4 shows the main parameters for optimization:
the sizes of the main magnet and the transit magnet, and the width and height of the coil.
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As shown in Equations (2) and (3), the induced voltage in the coil is proportional to the
magnetic flux density and the relative velocity between the coil and the magnets. Assuming
that the amplitude of the galloping is consistent, the amount of generated electric power is
proportional to the magnetic flux density where the coil is located. In order to optimize
the performance of the generator, the finite element method (in the FEMM 4.2 software)
was used to investigate the magnetic flux density according to the relative size of the
magnet and the coil. Only the normal component of magnetic flux to the coil was used
for comparison.

Each magnet in the linear Halbach arrays consisted of rare-earth neodymium, iron,
and boron (NdFeB). The dimensions of each magnet were initially set as 10 mm × 10 mm,
and the width of the gap for the free movement of the magnet and the coil was set to be
1 mm. For relative comparison, the sizes of the magnets and coils were normalized by
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dividing the reference dimensions. Figure 5 shows the results of magnetic field analysis
around the Halbach arrays.
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3.2. Magnetic Flux Density Normal to the Coil

Figure 6 shows the change of magnetic flux density that is normal to the coil according
to the ratio of the main magnet width to the coil width. As the width ratio increases, the
magnetic flux density also increases and then decreases. The magnetic flux density is at its
maximum when the width of the main magnet is twice the width of the coil.
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Figure 6. Variation of magnetic flux density according to the ratio of the main magnet width (wm) to
the coil width (we).

Figure 7 shows the change of magnetic flux density normal to the coil according to the
ratio of the coil height to the main magnet height. It is assumed that the height of the main
magnet and the transit magnet is the same. As the height ratio increases, the magnetic flux
density also increases and then decreases slightly. When the coil height is twice the height
of the main magnet, the magnetic flux density is at its maximum.



Energies 2021, 14, 6094 7 of 14Energies 2021, 14, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 7. Variation of magnetic flux density according to the ratio of the coil height (hc) to the main 
magnet height (hm). 

Figure 8 shows the change of magnetic flux density as a function of the ratio of the 
main magnet height to the transit magnet height. The magnetic flux density of the coil is 
maximized when the heights of the main and transit magnets are equal. 

 
Figure 8. Variation of magnetic flux density according to the ratio of the main magnet height (hm) to 
the transit magnet height (ht). 

3.3. Prototype Device 
Figure 9 shows the prototype galloping energy harvester, including the generator. 

The final design of the generator is in the form of a coil surrounded by four Halbach ar-
rays. Note that the coils are separately fixed but the Halbach arrays embedded at both 
ends of the tip prism are movable. In Figure 3, if only the left and right Halbach arrays are 
removed, or the upper and lower Halbach arrays are removed, the arrangement of coils 
and magnets is the same as that in Figure 4. Since the four Halbach arrays are arranged to 
face each other two-by-two, the results of the parameter studies in the previous section 
can be applied as-is. In addition, this design using four units saves generator space and 
increases the magnetic flux density. 

The steps to design this prototype galloping energy harvester were: First, determine 
the dimensions of the electromagnetic generator, which consists of magnets and coils. Sec-

0.010

0.012

0.014

0.016

0.8 1.2 1.6 2.0 2.4

M
ag

ne
tic

 fl
ux

 d
en

sit
y 

(T
)

Coil height / main magnet height

0.010

0.012

0.014

0.016

0.6 1.0 1.4 1.8 2.2

M
ag

ne
tic

 fl
ux

 d
en

sit
y 

(T
)

Main magnet height/transit magnet height

Figure 7. Variation of magnetic flux density according to the ratio of the coil height (hc) to the main
magnet height (hm).

Figure 8 shows the change of magnetic flux density as a function of the ratio of the
main magnet height to the transit magnet height. The magnetic flux density of the coil is
maximized when the heights of the main and transit magnets are equal.
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3.3. Prototype Device

Figure 9 shows the prototype galloping energy harvester, including the generator. The
final design of the generator is in the form of a coil surrounded by four Halbach arrays.
Note that the coils are separately fixed but the Halbach arrays embedded at both ends
of the tip prism are movable. In Figure 3, if only the left and right Halbach arrays are
removed, or the upper and lower Halbach arrays are removed, the arrangement of coils
and magnets is the same as that in Figure 4. Since the four Halbach arrays are arranged to
face each other two-by-two, the results of the parameter studies in the previous section
can be applied as-is. In addition, this design using four units saves generator space and
increases the magnetic flux density.
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The steps to design this prototype galloping energy harvester were: First, determine
the dimensions of the electromagnetic generator, which consists of magnets and coils.
Second, determine the shape and size of the tip prism that has a built-in generator and
generates vibration by galloping. Third, determine the natural frequency corresponding to
the target cut-in wind speed and the associated cantilever dimensions.

The optimal magnet and coil sizes were determined from the parametric study. In
practical terms, the size of the magnets was selected according to commercial availability,
even though it was slightly different from optimal. The dimensions of each magnet in
the Halbach arrays were 10 mm (wide) × 10 mm (high) × 20 mm (long). Each Halbach
array was made up of five identical neodymium magnets (NdFeB) of N35 grade, and the
resulting size was 10 mm (wide) × 50 mm (high) × 20 mm (long). The parameters of the
single coil are detailed in Table 1. The gap between the magnet and the coil was 2 mm.

Table 1. Parameters of a single coil.

Parameter Quantity

Wire gauge 38 AWG

Outer diameter 20 mm

Inner diameter 10 mm

Length 20 mm

Number of turns 7400

Resistance 787 Ω

Inductance 432 mH

The tip prism was basically square cylinder with open spaces for coil and support
that was made by 3D printer. The cross section of the 132-mm-long tip prism was
55 mm × 55 mm, which was slightly larger than the Halbach array. The mass of the
tip prism (including the magnets) was 641 g. The size of the steel cantilever plate was
50 mm (wide) × 0.4 (thick) × 86 (long). This device was supported by only a thin stainless
steel plate, resulting inherently low mechanical damping.
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4. Experimental Verification
4.1. Experimental Setup

During the wind tunnel, it was not necessary to correct the experimental results
because the blockage ratio was less than 1%. A pitot tube and an anemometer (FC012;
Furness Controls, East Sussex, UK) were used to measure the wind speed in the tunnel.
The tip displacements were measured from images acquired by a camera through an image
processing technique. The output voltage was monitored on a digital multimeter (34410A;
Agilent, Santa Clara, CA, USA), and was converted into power from the output voltage
and the applied electrical load resistance using the relation in Equation (6).

The open circuit natural frequency and the damping ratio of the harvester were
1.807 Hz and 0.4%, respectively. The two coils at the upper and lower tip were connected
in series. The electro-mechanical coupling coefficient in Equation (2) was determined by
the free vibration test, wherein the tip prism was simply moved back and released, and
then the tip displacement and the induced voltage were simultaneously measured. The
electro-mechanical coupling coefficient was obtained as a function of the relative position
between the coil and the magnet by dividing the voltage by the moving velocity.

After conducting a preliminary wind tunnel test, it was found that the empirical
galloping coefficients for the square prisms in multiple references [15,16,23] were not
applicable to the proposed device. The present harvester is not a complete square cylinder
because of the coil spaces in the tip prism and the supporting cantilever plate. Therefore, the
galloping coefficients were obtained from the re-analysis of Equations (1) and (5) compared
with the experimental responses. The a1 and a3 values for the present device were 3.0 and
−3.3, respectively, in a Reynolds number range of 10,300–41,300.

4.2. Results

Figures 10 and 11 show the tip displacement and the average electric power as func-
tions of wind velocity and electrical external load resistance. There were some differences
between the measured and simulated results, possibly caused by the simple galloping
coefficients used in the simulation not properly simulating the aerodynamic behavior of
the complex shape of the harvester. It is clear from the figures that the electrical load
resistance significantly affected the vibration amplitude and the galloping onset speed of
the harvester by dissipating energy. Evidently, the cut-in wind velocity gradually moved
to higher values as the load resistance decreased.
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Figure 10. Variation of the tip displacements with wind velocity for different external load resistances
(solid symbols: measured; lines with empty symbols: simulated).
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Figure 11. Variation of the average (RMS) power with wind velocity for different external load
resistances (solid symbols: measured; lines with empty symbols: simulated).

When the galloping was fully developed, more electricity could be harvested at low
external resistance. However, the high additional electrical damping due to the low external
resistance increased the cut-in wind velocity, so that electricity could not be harvested at
low wind speed. The trade-off between the generated electric power and the cut-in wind
speed needs to be balanced.

Figures 12 and 13 show the measured and simulated average voltage and power
versus external load resistances at three different wind velocities. When the load resistance
gradually increased, the average voltage dramatically increased and then converged to
a certain value, whereas the average power initially increased until its maximum value
and then decreased. The external load resistances at which the voltage converged were
equal to those for the maximum powers. The average power was very sensitive to external
load resistance. The optimum load resistance for obtaining the maximum power was not
constant—it varied with the wind speed.

Energies 2021, 14, x FOR PEER REVIEW 10 of 14 
 

 

 
Figure 11. Variation of the average (RMS) power with wind velocity for different external load re-
sistances (solid symbols: measured; lines with empty symbols: simulated). 

Figures 12 and 13 show the measured and simulated average voltage and power ver-
sus external load resistances at three different wind velocities. When the load resistance 
gradually increased, the average voltage dramatically increased and then converged to a 
certain value, whereas the average power initially increased until its maximum value and 
then decreased. The external load resistances at which the voltage converged were equal 
to those for the maximum powers. The average power was very sensitive to external load 
resistance. The optimum load resistance for obtaining the maximum power was not con-
stant—it varied with the wind speed. 

Figure 14 shows the strong coupling between the galloping onset velocity and the 
external load resistance as a result of higher electric damping. The results revealed that 
one specific load resistance should not be applied to the entire wind speeds; rather, it 
should be changed according to the wind speed in order to produce the maximum power. 

 
Figure 12. Variation of the average (RMS) voltage with the external load resistance for different 
wind velocities (solid symbols: measured; lines with empty symbols: simulated). 

0

3

6

9

3 6 9 12

Av
er

ag
e 

po
w

er
 (m

W
)

Wind velocity (m/s)

80 kΩ
60 kΩ
40 kΩ

0

5

10

15

20

25

0 30 60 90 120

Av
er

ag
e 

vo
lta

ge
 (V

)

Load resistance (kΩ)

12 m/s 10 m/s 8 m/s

Figure 12. Variation of the average (RMS) voltage with the external load resistance for different wind
velocities (solid symbols: measured; lines with empty symbols: simulated).
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Figure 13. Variation of the average (RMS) power with the external load resistance for different wind
velocities (solid symbols: measured; lines with empty symbols: simulated).

Figure 14 shows the strong coupling between the galloping onset velocity and the
external load resistance as a result of higher electric damping. The results revealed that one
specific load resistance should not be applied to the entire wind speeds; rather, it should be
changed according to the wind speed in order to produce the maximum power.

Energies 2021, 14, x FOR PEER REVIEW 11 of 14 
 

 

 
Figure 13. Variation of the average (RMS) power with the external load resistance for different wind 
velocities (solid symbols: measured; lines with empty symbols: simulated). 

 
Figure 14. Variation of the galloping onset wind velocity with external load resistances. 

Figure 15 shows the optimal external resistance to obtain the maximum average 
power for each wind speed. As the wind speed and associated fluid energy increased, the 
optimal external load resistance inversely decreased and more energy could be harvested. 
Figure 16 shows the maximum average power that could be obtained with the optimal 
external resistance. This harvester could obtain power from a low wind speed if the exter-
nal resistance was properly adjusted, and 8 mW of power could be obtained at a wind 
speed of 12 m/s. 

0

5

10

15

0 30 60 90 120

Av
er

ag
e 

po
w

er
 (m

W
)

Load resistance (kΩ)

12 m/s 10 m/s 8 m/s

0

3

6

9

12

20 40 60 80 100

G
al

lo
pi

ng
 o

ns
et

 v
el

oc
ity

 (m
/s)

External load resistance (kΩ)

Experiment
Simulation

Figure 14. Variation of the galloping onset wind velocity with external load resistances.

Figure 15 shows the optimal external resistance to obtain the maximum average
power for each wind speed. As the wind speed and associated fluid energy increased, the
optimal external load resistance inversely decreased and more energy could be harvested.
Figure 16 shows the maximum average power that could be obtained with the optimal
external resistance. This harvester could obtain power from a low wind speed if the external
resistance was properly adjusted, and 8 mW of power could be obtained at a wind speed
of 12 m/s.
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Figure 15. Variation of the optimal external load resistance with wind velocity.
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Figure 16. Variation of the maximum average (RMS) power with wind velocity under optimal
load resistance.

4.3. Modified Design

Figure 17 compares the performance of the Le and Kwon [4] and the harvester of the
original design using the Halbach array. The performance of the original design is lower
than that of the previous one. The main reason for the low performance of the original
design is the heavy mass of the tip prism. The tip mass of the original design was 641 g,
but the mass of the previous one was 60 g, a significant difference. Embedded Halbach
magnets in the tip prism significantly increased the mass. As the mass of the original design
increased, the galloping wind speed increased and the amplitude decreased, reducing
power production.

The harvester design was modified to solve the mass problem. As shown in Figure 3,
in the original design, the magnets were embedded in the tip prism, and the coil was
held in place by a separate support. Conversely in the modified design, the coil was
embedded in the tip prism and the magnet was supported separately. As the magnets
were separated from the tip prism, the tip mass was reduced to 113 g in the modified
design. Figure 17 shows the maximum average power density of the previous harvester,
the original design and the modified design. The results were obtained from numerical
analysis. In the analysis, the properties of the original and modified designs were the
same except for the mass. The power density was obtained by dividing the volume of the
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rectangular prism containing the device. By reducing the tip mass in the modified design,
the galloping wind speed was lowered to about 1 m/s, and the power density improved
by a factor of 4 compared to the original design. The modified design was still similar in
performance to the previous harvester, so there was no significant improvement.
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Figure 17. Maximum average power density under optimal load resistance obtained from
numerical analysis.

Due to difficulties in manufacturing quadruple Halbach arrays, the gap between the
coil and the magnet was widened to more than 2 mm. One of the four Halbach arrays
was further spaced apart in order to secure a space for the support to pass through. For
this reason, the performance of the prototype harvester was lower than the performance
predicted during the optimization process. A more precise fabrication of the quadruple
Halbach array parts has the potential to improve the performance of the harvester over the
modified design.

5. Conclusions

This study develops a galloping-based wind energy harvester with quadruple Halbach
arrays. The size of the main magnets and transit magnets in each Halbach array, and the
associated width and height of the coil, are optimized from a magnetic field analysis. The
magnetic flux density normal to the coil was at maximum when the heights of the main
and transit magnets were the same, the width of the main magnet was twice the width of
the coil, and the height of the main magnet was half the height of the coil.

From the wind tunnel test and numerical simulation of the prototype harvester, it
was found that the electrical external load resistance significantly affected the vibration
amplitude and the galloping onset velocity of the harvester. The results also revealed that
one specific external load resistance should not be applied to the entire wind speeds, but,
rather, should be changed according to the wind speed for producing the maximum power.

The test and analysis reveal that the performance of the original design harvester
using the quadruple Halbach array was lower than that of the existing harvester [4]. The
main reason for the low performance of the original design is the heavy mass caused
by the embedded Halbach magnets in the tip prism. A modified design was proposed
in which the tip mass was reduced by exchanging the support of the magnet and the
coil. The modified design improved the maximum average power density by four times
compared to the original design, and the performance was comparable to that of the
existing harvester. It was predicted that the magnetic flux density would increase in the
harvester using the Halbach arrays, but there was no significant performance improvement
due to manufacturing difficulties. A more precise fabrication of the quadruple Halbach
array parts has the potential to further improvement the performance.
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