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Abstract: We examine a simple nonlinear harvester system with an impact-
ing pendulum. The mechanical vibration energy loss and its transduction to
electrical power was modelled via a restitution coefficient. The system is mo-
tivated by the application to sea conditions monitoring. The pendulum device
is tested to accumulated and/or scavenged energy of the see waves and water
flows, and vortices appearance. The pendulum system is designed to be placed
inside a small moving box in dry conditions.

1. Introduction

Recently, a considerable attention has been places in the electro-mechanical energy har-

vesters which can transform energy from ambient vibrations to electrical power through the

mechanical resonator and piezoceramic transducers [1]. Non-linearities in vibrational energy

harvesting systems are used to improve efficiency in the changing ambient conditions. The

region of driving ambient vibration frequency can be broadened by nonlinear inclination of

the resonance curve and the existence of additional solutions [2-3]. There appeared many

proposals how to include nonlinearities into the energy harvesting systems [4] including the

potentials modified by electrical, magnetic [5], or gravitational fields [6]. Among various

approaches, impact phenomena were also investigated [7-10]. It is worth no notice that

interesting results regarding dynamics of coupled pendulums with impacts were presented

in [11-13]. In this paper we would like to continue this approach by modelling the impact

between the pendulum and piezoelectric disks [14].

2. Model and results

The mathematical model of the pendulum excited vertically with a harmonic moving frame

and impacting in the disk can be written as follows
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(a) (b)

Figure 1. Schema of the system with corresponding lengths and concentrated mass swinging

and impacting lead ball (a). Photo of the experimental stand (b),

(a) (b)

Figure 2. Piezoelectric disk used in the experiments (a). Output voltage measured on the

piezoelectric disk (b).

φ̈n +
g − acos(Ωt)

l
sinφ = 0, for |φn| < φmax (no impact)

φ̇n+1 = −kφ̇n, for |φn| = φmax (at the impact) (1)
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Figure 3. Fig. 3 Calculated angular displacement (b) and corresponding (c) velocity as

the system response to harmonic excitation (a) (system parameters: k =0.8, Ω/2π =1Hz and

2Hz for left and right panes, respectively). Horizontal red curves (in Fig. 3b) denote limits

defined by the maximal angle φmax.

(a) (b)

Figure 4. Phase portraits for both frequencies Ω/2π =1Hz (a) and 2Hz (b)

where ψ and the swinging angle, g = 9.81m/s2 is the gravity acceleration constant, l =

0.1175m length of the pendulum, a is the acceleration, excitation amplitude, k = 0.8 is the ef-

fective restitution coefficient dependent on the material properties. φmax = 0.1927rad=11.04

deg is the limiting angle of contact between the pendulum and the piezoceramic disk (see
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the system geometry and experimental stand Figs. 1 and 2).

The results of numerical simulations are presented in Figs. 3 and 4. In particular, Figs.

3a-c show the calculated angular displacement (b) and corresponding velocity (c) as the

system response to harmonic excitation (a) (system parameters: k =0.8, Ω/2π =1Hz and

2Hz for left and right panes, respectively.

One can easily see the difference in the response. The lower excitation frequency case (left

panel in Fig. 3a-c) corresponds to the complicated oscillations composed with impacts and

fairly small angle displacements while the case with higher excitation frequency represents

the simple regular response.

(a)
80 82 84 86 88 90 92 94 96 98 100

−1.5

−1

−0.5

0

0.5

1

1.5

t [s]

a 
−

ex
ci

ta
tio

n 
[m

/s
2 ]

(b)
80 82 84 86 88 90 92 94 96 98 100

−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

0.15

0.2

t [s]

φ 
−

di
sp

la
ce

m
en

t [
ra

d]

(c)
80 82 84 86 88 90 92 94 96 98 100

−3

−2

−1

0

1

2

3

t [s]

φ 
−

ve
lo

ci
ty

 [r
ad

/s
]

(d)

−0.2 −0.1 0 0.1 0.2
−3

−2

−1

0

1

2

3

φ −displacement [rad]

φ 
−

ve
lo

ci
ty

 [r
ad

/s
]

Figure 5. Chaotic system response of the system: the kinematical excitation (a), dis-

placement (b), and corresponding velocity (c) (system parameters: a = 1.6 m/s2, k =0.8,

Ω/2π =0.5 Hz). Horizontal red curves (in Fig. 5b) denote limits defined by the maximal

displacement angle.

It appeared that the both responses are regular as they are characterized the regular

types of phase portraits (Fig. 4) as expected for any nonlinear system.

Additionally, some examples of the experimental results are presented in Tab. 1. In

this table we report the response of the peak output voltage and relaxation time of the

piezoceramic dicks after impacts. Interestingly, the system go through the chaotic response.
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Table 1. Experimental results of output peak voltage and the relaxation time of the

piezoceramic dicks.

excit. frame volt. time

freq. accell. peak inter.

[Hz] amp. [g] [mV] [ms]

1 0.21 100.0 1.7

1 0.25 128.0 2.0

1 0.28 80.0 1.5

2 0.21 86.0 1.5

2 0.25 100.0 1.5

2 0.28 114.0 1.75

2 0.35 126.0 2.5

2 0.42 192.0 2.0

as was shown in Fig. 5. The nonperiodic response of the angle and angular velocities Figs.

5b and c is also reflected in the phase portrait Fig. 5d.

3. Conclusions

Our impacting device could be used on hermetically closed container in the sea to avoid in-

fluences of bio-deposits. Due to the impacts it has a broad-band energy characteristics which

enables effectively harvest energy in variable conditions. Changing excitation frequency we

observed bifurcations of the system response including the chaotic behaviour. However, to

tell more about the output velocity or electrical power dependence on the type of solution,

the corresponding bifurcation diagram of our system need to be studied more systematically.

Our composite disk were prepared in such a way to avoid the direct damage which could

caused by impacts.
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