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Abstract—This research focuses on a possibility to
scavenge energy from fluid flow including turbulence.
Based on turbulent mechanics, energy scavenging devices
are expected to have nonlinear characteristics to accept
wide-band-spectrum power distributed in turbulence. A
magnetoelastic beam is adopted as one of candidates of
energy scavenging devices. The magnetoelastic beam is
excited in a nonlinear magnetic field formed by two mag-
nets. In this paper, we estimate the possibility of energy
exchange at synchronization as the scavenging mechanism,
with considering the similarity to resonance.

1. Introduction

Watermills and windmills utilize averaged fluid flows
over a critical velocity. There is an idea to decompose the
flow velocity into the average and the fluctuating compo-
nents [1]. Such fluctuations included in turbulence have
a potential to supply energy to collecting devices using a
suitable mechanism. It is well known that the developed
turbulence consists of vibration with widely spread power
spectrum [2]. This is because spatial self similarities ap-
pear in the extremely developed turbulence [3, 4]. How-
ever it has not been found which mechanism is available to
scavenge the power distributed over wide frequency range
using a low DOF (degree of freedom) device. Several stud-
ies focused on energy collected by an oscillation at reso-
nance [5, 6]. Here, a clue to collect energy from turbu-
lence exists in the application of nonlinear devices based
on turbulent dynamics. In this paper, a chaotic oscillation,
generated by a magnetoelastic beam [7], is adopted as an
energy source which has broad power spectrum similar to
turbulence. For the simplicity of experiment, a magnetoe-
lastic beam is also selected as a scavenging device. As
mentioned above, a chaotic oscillation has a broad power
spectrum as energy source. When a single frequency is col-
lected at resonance, the rest of power is discarded. On the
other hand, the chaotic synchronization [8, 9] is possible to
transfer the energy between systems within distributed fre-
quency range. In this paper, our interest is in an energy ex-
change characteristic at synchronization. This characteris-
tic leads the conjecture that one of the keys for energy scav-
enging from turbulence is a synchronization mechanism.
In Sec.2, the possibility of energy exchange at resonance
are confirmed. In Sec.3, a system which attains synchro-
nization between two magnetoelastic beam subsystems is
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Figure 1: A forced spring-mass system.

introduced. In Sec.4, the analysis of energy exchange is
carried out at synchronization and similarities to resonance
are discussed. Sec.5 concludes this paper.

2. Energy exchange at resonance

In this section, the energy exchange is described using
a spring-mass system with an external force. Fig.1 shows
the system excited by an external force F'(f) and subjected
to friction. The relationship is governed by the following
equation:

mi+kx+Tx=F(), (D

where m denotes the mass, k the spring constant, and I’
the damping constant. (") represents d/dz. Eq.(1) can be
divided by m as

¥+ Yk + wolx = fycos wt, 2)

where wy = k/m, y = I'/m, and fycoswt = F(t)/m. The
solution is obtained as

x = A cos wt + Bsin wt, 3)
where A and B are given as follows

folwo* — w?)
- (woz _ w2)2 + yzwz’
B Joyw
- (w02 _ w2)2 + 72602 :

“)

®)

Fig.2 shows the amplitude response curves to the external
force frequency w at the parameters fy = 1.0,wy = 4.0,
and y = 0.1. In this system, wy is a natural frequency of
undamped oscillation.

When the external force F(¢) works to the mass, the work
gives power P(t) per a unit of time. P(¢) is defined by “force
X velocity” as

P(t) = mfy cos wt(—Aw sin wt + Bw cos wt). (6)
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Figure 2: Amplitude response curves for the external force
frequency. The figure shows the change in amplitude A (red
line) and B (blue line) of Eq.(3) at fy = 1.0, wy = 4.0, and
y=0.1.
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Figure 3: Schematic diagram of power oscillation. It ex-
plains supplied, returned, and absorption energy.

Fig.3 shows a schematic diagram of power P(¢). The verti-
cally striped area indicates supplied energy from F(¢), and
the dotted area does the returned energy from F'(¢). The re-
turned energy implies that the mass-spring system returns
energy back to the external force. The red colored part
represents the absorbed energy equals to the balance be-
tween supplied energy and returned energy. It also equals
to dissipation energy: f yx*dt. Fig.4 shows the frequency
dependencies of supplied energy (green line), returned en-
ergy (blue line), and absorption energy (red line) during
one period 2m/w. The frequency w was swept from 0.0
to 8.0. Fig.4 exhibits the absorption energy takes the maxi-
mum value and the returned energy minimum at resonance.
Comparing Figs.2 and 4, the absorption energy is related
to the amplitude B, and the returned one to the amplitude
A. Fig.5 shows the frequency dependencies of the absorp-
tion (red line) and returned (blue line) energy rates to the
supplied energy. The frequency of the external force de-
termines whether the mass absorbs or returns the supplied
energy. It can be clearly found that the absorption energy
rates become 1.0 and the returned energy rate shows 0.0 at
the resonant frequency. In the next section, we extend the
considerations to the analysis of synchronization.

3. Synchronized systems

To prepare the consideration of energy exchange at syn-
chronization, a coupled system is introduced. Volos et al.
confirmed a period-1 synchronization between two Duff-
ing subsystems using two-way signals [10]. According
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Figure 4: Energy response curves for the external force fre-
quency. The figure shows the change in supplied energy
(green line), returned energy (blue line) and absorption en-
ergy (red line).
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Figure 5: Energy rates response curves for the external
force frequency. The figure shows the change in absorption
(red line) and returned (blue line) energy rates to supplied
energy.

to their results, we proposed another system consisting of
three Duffing subsystems as in Fig.6. The system shows
synchronization within wide frequency range. The whole
system is described as

Exciter : iig + yitg + %(uo2 — Duy = bcos wot, (7)
Subsystem 1 : it + ity + (1 — g—‘)%(ulz - Dy
+E3” = D = Kuo, ®)
Subsystem 2 : iip + yity + (1 — f)%(uzz - Duy
+E3" = D = Kuo, ©)

where uy denotes the displacement of the exciter. In addi-
tion, u; and u, denote the displacements of the subsystems
1 and 2, respectively. vy denotes the damping constant, b
the amplitude, and wy the angular velocity of external force
within the exciter. Eqs.(7), (8) and (9) are nondimension-
alized. In the system, subsystems 1 and 2 can be synchro-
nized. As shown in Eqgs.(8) and (9), subsystems 1 and 2 are
coupled at a coupling factor £, and exchange interactions
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Figure 6: Composition of two Duffing subsystems and the

exciter. This enables synchronization between subsystem 1
and subsystem 2.
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Figure 7: Displacements Kug, u;, and up at & = 0.44, y =
0.1,b=0.12,K = 0.14, and wy = 0.74

as coupling force. When the coupling factor & < 0.13, the
coupled subsystems 1 and 2 are trapped in one of the po-
tential wells, depending on the initial condition. To make
it easier for subsystems 1 and 2 to bounce out from one
potential well to the other, the exciter generates one-way
oscillation force Kug to subsystems 1 and 2. Fig.7 shows
synchronization between u; and u; at & = 0.44. The syn-
chronization appears after ¢ = 450. Here, the synchroniza-
tion depends on the coupling factor & increased from 0.40
to 0.50 as shown in Fig.8. In the figure, all dots represent
time averaged |u; — up| during 3000 < ¢ < 12000. From
£=0.423 to £=0.473, the difference between u; and u, be-
comes almost 0. Therefore subsystems 1 and 2 synchronize
to each other.

4. Energy exchange at synchronization

According to the features of energy exchange at res-
onance, we examine the synchronization. From Eq.(8),
the total external force to subsystem 1 is amounted to

1
=& 5(”22 — Duy + Kug, consequently power P(¢) is obtained
as
1, .

P(r) = {—fz(uz = Duz + Kuoliy. (10)
P(¢) is shown in Fig.9. The integration of positive P(¢) cor-
responds to the supplied energy, the integration of negative
P(¢) to the returned energy, and the balance to the absorp-

tion energy which equals to dissipation energy: f yu%dt. In
Fig.10, the absorption energy and returned energy rates to
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Figure 8: Synchronization detection by time averaged ab-
solute values of the difference between u; and u, (3000
< t £ 12000) versus the coupling factor &.
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Figure 9: Power time series in Eq.(10) for & =0.44.
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Figure 10: Dots show the change in absorption (e) and re-
turned (+) energy rates to the supplied energy for the cou-
pling factor &.

the supplied energy are represented depending on the cou-
pling factor ¢£. From Figs.8 and 10, the absorption energy
rate maintains higher rate within synchronization around
& = 0.423. The returned energy rate shows vice varsa.
These tendencies show the similarity to the results obtained
at resonance in Fig.5. In this figure, the frequency w of the
external force governs the energy rates. On the other hand
in Fig.10, the coupling factor & governs the energy rates.
Thereby w and ¢ seem to have a similarity. The change
of w around resonance directly implies the regulation of
phase difference when the external force is fixed. This is
because the phase difference is described as arctan(B/A),
whose A and B can be regulated by w. In power engi-
neering, power factor shows the efficiency that the load
draws the real power. In a theoretical view point, it is pos-
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Figure 11: Frequency power spectrum of u; (=u) at

¢ =0.44. Wide frequency range is observed.

sible to discuss the relationship between the phase differ-
ence and the energy flow at synchronization of oscillation
[11]. However as in Fig.11, the chaotic system exhibits
widely distributed spectrum. Therefore at chaotic synchro-
nization, phase difference at a single frequency cannot be
used as a distance between two oscillators. Hence the new
definition of the distance is requested for chaotic synchro-
nization. The coupling factor & seems one of the distance
parameters.

Fig.12 shows the stroboscopic map of the exciter on
(uo, ) at every 2m/wy, and Fig.13 also shows the strobo-
scopic map of subsystem 1 on (u1,#;). At synchroniza-
tion (uy,it1) = (up, tp). As Fig.13, the subsystem 1 doesn’t
show a clear structure of strange attractor like Fig.12. This
unclear structure is one of the features of higher dimen-
sional chaos. However, the widely distributed spectrum,
observed as in Fig.11, maintains the turbulent feature at the
synchronization. This is the significant characteristic of the
energy scavenging using nonlinear devices.

5. Conclusion

This paper discusses the energy scavenging from turbu-
lence, in which power is widely distributed over the fre-
quency range. Considering the spread spectrum feature,
chaotic synchronization mechanism seemed to have a pos-
sibility to transfer the turbulent energy to mechanical or
electrical energy. The significant result here is that en-
ergy exchange features were confirmed at synchronization
between two subsystems. Synchronization is attained be-
tween two coupled Duffing subsystems by exchanging sig-
nals as force. Energy exchange showed the features that
the dissipation energy rate to supplied energy increases at
synchronization. This energy exchange feature at synchro-
nization is similar to the feature obtained at resonance. This
result is the first step to design scavenging devices from tur-
bulence.
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Figure 12: Numerical strobo map of the exciter on (uy, i)
at every 27/ wy for & =0.44.
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Figure 13: Numerical strobo map of subsystem 1 on
(uy, 1) at every 2m/wq for & =0.44. (uy,111) = (up, itp) be-
cause of synchronization.
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