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Summary. We present a case study on the energy generation of a novelydmarvester design based on a pendulum whose pivot
is randomly excited. Thereby, we deal with a random excitally a non-white Gaussian stochastic process. We analffeeedit
experimental setups in order to maximize the harvestedygréthe pendulum energy converter.

I ntroduction

A fundamental problem in the field of renewable energy is gnéarvesting from a source, whose nature is random.
Since wave energy has been recognized as one of the mostsprgmesources of renewable energy due to the notably
high power density of 9.42 kW/tncompared with wind and solar energy with power density o8@&#8d 0.17 KW/,
respectively [1], several new concepts of ocean wave ermngyerters were recently developed and studied, for exampl
[2, 3]. One possible method of energy generation is to usarogeavity waves to excite the pivot of a pendulum in
order to induce and maintain rotational motion by means afrdrol method, as described in [2, 3]. The induced motion
can then be converted to electrical energy. Possible spurfcexcitation are not limited to ocean waves. Moreover,
the parametric pendulum has a very rich dynamical behadiaarid has applications in various other problems, such as
mechanical, electrical, MEM, optical, and other systentsr&fore, our analysis deals with the general dynamics of a
randomly excited pendulum. In [2] it was also shown that adler based on the Time-Delay Feedback control method
can maintain rotational motion of the parametric pendulewen in case of a harmonic excitation which is disturbed by
white noise. Our results deal with pendulum motion in theeaafsexcitation by a non-white Gaussian random process.
Such excitation is encountered for example in real seasstate

Pendulum ener gy converter

We consider a physical setup for the pendulum energy caavéntorder to reduce the size of pendulum energy converter
design, a tri-pendulum design with three arms at equat spacings is proposed in [5], where two of the arms are at a
lengthZ, and the third af.; > L. In a preliminary study [3] such an experimental rig was by a vertical harmonic
excitation. In the following, we will use the data of this eéxpnental rig for a numerical case study of realistic random
excitation. The considered physical experimental setuygists of the tri-pendulum, whose pivot is initially rested to
move vertically by a linear motor, which is capable to geteethe desired random excitation. In addition, the plane of
oscillation can be tilted by the angfewith respect to a vertical plane, such that the influence efattceleration due to
gravity g can be changed. The resulting equation of motion for thdlagoh angley of the pendulum energy converter
can be written as

(e 4+ L)p + (¢ + )¢ + (d + dy)p || +m(Ly — L2) (geost + f) sin(p) = 0, (1)

with moments of inertid, andI,, excitation forcef (t), massn, and positive coefficients ¢4, d, andd,. In equation (1),
we consider a generator with a nonlinear function for thguef; due to energy generation, givenBy = c,p+dg¢ |¢|.
The harvestable electrical pow#}, of the pendulum energy converter is the product of the gemetarqueTy, the
angular velocityp, and the energy conversion efficiengyf the generator, such that

Poa=nTyp. 2

The benefit of this setup is that an equivalent secondaryegse zone response of a simple pendulum with lehgiuld
be realized by a tri-pendulum with much shorter arm lengths,cand L, which are given by
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Li=ZL+ \/?— —aZp, - 8L3, where 0 < Ly < — 9 anda= m(Li = La)g
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Experimental setup of the pendulum ener gy converter

We are interested in harvesting energy from ocean wavestefidre we assume that the pendulum energy converter is
mounted on a floating body, whose degrees of freedom areelindét heave, and whose mass is much greater than the
pendulum mass. Then the influence of the pendulum motion @hdave motion is negligible. Moreover, we assume
linear dynamics of the floating body. The parametric exicitatiue to ocean waves is modeled by a Gaussian stochastic
process with a given spectral density. Various spectrasitien were defined to describe different sea states. Common
sea spectral densities are the Pierson-Moskowitz (PM)tepador deep water waves and the JONSWAP spectrum for
shallow water waves. The spectral density of the heave aat&n of the floating body due to the ocean wave load is
given by
Sj(w) = |RAO}(w)*S(w). (4)
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Here,S(w) is the sea state spectral density, and
RAO];(UJ) =

—w?(M + Ap(w)) + iwBp(w) + Ch,

is the response amplitude operator of the heave acceledtihe floating body with the hydrodynamic excitation force
complex amplitude per wave heightw), massM, added masd,,, hydrodynamic damping,,, and restoring coefficient
C. The hydrodynamic parameteféw), Ay, (w), By (w), andCj, can for example be determined by strip theory.

Power generation of the pendulum wave energy converter setup

As an example in this extended abstract, we consider tipetrdulum wave energy converter, where we use the parameters
I, = 10.32kgm?, I. = 0.48 kgm?, m = 4.7kg, L; = 1.0 m, Ly = 0.78 m, ¢ = 0.1 kg m/s,c, = 0.9 kg m/s, and

d + dy, = 0. We use a vertical cylinder as the floating body, which is dbed in [6]. In order to produce the highest
amount of electrical energy, the pendulum has to reachioottmotion. Therefore, we need to set up the tri-pendulum,
such that the probability to reach rotational motion is ghlais possible for the given random excitation. We consitier P
and JONSWAP sea states with arbitrary significant wave tidh, and different modal frequenciesg,. The generated
power ford = 0 in a PM sea state with a significant wave heigh6 ofi and modal frequenay,,, = 1.8 rad/s is shown in
figure 1. The corresponding random time series of pendulugteanis shown in figure 2, where a sufficient percentage
of rotational motion can be observed. As can be seen frone tigagres, it is possible to generate a reasonable amount of
energy with the proposed setup.
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Figure 1: Harvested power over time fe= 0. Figure 2: Random time series of pendulum angler 6 = 0.
Conclusion

Specific results on power generation of a pendulum energyectar are obtained, which is excited by random ocean
waves with PM and JONSWAP spectra. Thereby we show, thatiootd motion of a specific pendulum wave energy
converter design is possible even for low to moderate sésssBesults of the pendulum wave energy converter dynamics
which take into account such excitation due to random oceas@sy were not obtained before.
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