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Abstract. A lightweight electromechanical device is studied to harvest energy of ocean waves and supply 

electrical power to small-size ocean observation equipment such as sonobuoys. It is composed of a magnet 

fixed to the floating housing which follows the motion of the ocean surface and a moving coil connected to 

the case via a flexible spring. As the floating housing follows the vertical motion of water surface, a voltage 

is induced in the coil due to relative velocity between the coil and the magnet, and kinetic energy of the 

ocean wave is converted into electrical energy. Full bridge rectifying circuit and smoothing capacitor are 

used to convert AC voltage to constant voltage. Single degree of freedom electromechanical model of the 

prototype transducer (LGT-4.5 geophone) is developed and simulated with an electrical circuit software to 

predict energy harvesting performance. Vibration experiments are also performed with a shaker to validate 

transducer model and quantify output voltage. Parametric analysis is conducted to identify optimal choice of 

capacitance in terms of maximum stored energy and minimum charging time. This device is simple and 

small size relative to ocean wavelength compared to classical linear permanent magnetic generator used in 

offshore power plant. Its power generation per unit weight is compared to larger scale ocean energy 

converters. 

Introduction 

Research on energy harvesting of ocean waves mainly 

focuses on large-scale hydraulic system to provide 

power in the kW range [1, 2]. Ocean sonobuoys or 

portable emergency rescue devices may also benefit 

from small-scale harvester with limited power capability. 

However, contrary to large-scale systems having size 

and time constant comparable to ocean wavelength and 

period, new concepts have to be developed for 

miniaturized oceanic energy harvesters. In this work, a 

device is studied to convert the kinetic energy in the 

vertical direction of a floating object into electrical 

energy using a moving-coil transducer. 

1 Ocean wave theory 

Wind waves are surface waves in the ocean. They are 

generated by the mechanical force of the wind acting on 

the free surface. For frequencies larger than 0.05 Hz and 

small amplitude conditions, the water surface particle 

undergoes a sinusoidal motion under the action of 

gravity and surface tension (Fig. 1) 
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where   is wave length, H is wave height, h is depth of 

water and x is direction of wave motion. 

 
Fig. 1. Waveforms in micro-scale theory [3]. 

 

The distribution of ocean wave energy with frequency is 

displayed in Figure 2. A high energy density is 

associated with ordinary gravity waves between 0.05 and 

1 Hz. However, transduction efficiency from mechanical 

to electrical energy is expected be low for a small-scale 

device with a resonance frequency well above this 

frequency range. Therefore, the 1-10 Hz frequency range 

which is associated to a lower but reasonable energy 

density is considered in this work. Above 10 Hz, 

velocity of surface particle is reported to always exceed  

0.23 m.s-1 [4]. Moving coil devices are evaluated 

hereafter for this application as they may exhibit 

resonant frequencies as low as a few Hz. 

 



 

 
Fig. 2. Ocean wave energy distribution versus frequency [4]. 

 

2 Models of the moving coil transducer 

2.1 Linear analytical model 
 

The vibration model of the moving coil energy harvester 

can be regarded as a single-degree-of-freedom mass-

spring-damping system, as shown in Figure 3. The 

housing is assumed to be floating at ocean surface and 

therefore to have a given sinusoidal motion of amplitude 

2Hu =  in the vertical direction. The magnet is fixed to 

the housing. The relative motion of the coil with respect 

to the magnet is affected by the spring restoring force, 

the mechanical friction force and Laplace force. 

Assuming that time dependence is as tje + , Newton’s 

law is therefore written as 

 ( ) Bliurjkuuum m ++=−− 111
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where u  is the displacement of the housing/magnet, 
1u  

the displacement of the coil, m the inertial mass (coil), k 

the stiffness of the flexible spring, 
mr  the damping 

coefficient of the spring, B magnetic induction in the air 

gap of the magnetic circuit, l the total length of the coil 

wire. The electric current i in the coil is expressed using 

Faraday’s law of induction and Kirchhoff’s circuit law: 

 
1Bluje −=  , (3) 

 ( ) 0=+++ iZLjRe loadcoilcoil    (4) 

where 
coilR  is the resistance of the coil, 

coilL  is the 

inductance of the coil and 
loadZ  the impedance of the 

load. Equation (2) may be rewritten as 

( )
( )

( ) 1

2

1
2 u

ZLjR

Blj
rjkuum

loadcoilcoil

m












++
++=−−




  (5) 

where Bl is the electromechanical conversion factor. 

Finally, the displacement relationship between the coil 

and the housing is  obtained. 
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Fig. 3. Schematic diagram of the moving coil harvester. 
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Assuming that the load is resistive (
loadload RZ = ) and 

the inductance of the coil may be neglected, equation (6) 

is written as [5] 
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where mk=0  is the resonant frequency of the 

system and ( ) ( )kmrmr 22 0 ==   is damping ratio. 

em rrr +=  is the total damping coefficient where 

( ) ( )loadcoile RRBlr +=
2  is the contribution of the 

electric circuit to the mechanical damping. The induced 

voltage on the coil V is deduced from equation (3) 
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2.2 Linear lumped circuit models 
 

Electromechanical analogies are classically used to 

describe electroacoustic devices such as microphones, 

loudspeakers or piezoelectric transducers [6, 7]. When 

using an admittance analogy for the mechanical part, the 

moving coil transducer may be represented by the 

electrical circuit of Figure 4 [7] where ujV =1
, 

mC =1
, kL 11 = , rR 12 = , 

coilLL =2
 and 

coilRR =3
. 

One-way conversion from mechanical to electrical 

energy is described by a voltage source of coefficient Bl  

controlled by a voltage (equal to 
1uj ). Two limitations 

should be noted for this model: 1) the mechanical 
damping of the transducer depends on load resistance 



 

and therefore, the model is not really representative of 

the isolated transducer; 2) strictly speaking, the model is 

not valid in the case of nonlinear electric loads because 

loadR  can not be defined. 

 

 

 
Fig. 4. Electrical circuit model of the moving coil transducer 

valid for linear loads. 
 

3 Energy harvesting simulation and  
   measurement 

3.1 Geophone and experimental setup 
 

The LGT4.5 seismic geophone manufactured by Longet 

Inc. (Fig. 5) is chosen for the experiments because it 

resonates at low frequency [5, 8]. Its main parameters 

are given in Table 1. For the experiments, the geophone 

is mounted on a shaker which provides the forced 

vibration. The vibration amplitude and phase of the 

shaker are monitored with an accelerometer. 

Table 1. Parameters of LGT4.5 seismic geophone. 

Resonance frequency 4.5 Hz 

Inertial mass 11,3 10-3 kg 

Open circuit damping ratio 0.6 

Maximum displacement 2 10-3 m 

Sensitivity 28.8 V m-1s-1 

Coil inductance 32 10-3 H 

Coil resistance 375  

 

 

  
 

Fig. 5. LGT 4.5 geophone. 

 

 

3.2 Geophone sensitivity in open-circuit 
 

Figure 6 compares the measured sensitivity (output 

voltage per unit input velocity) of the geophone to the 

simulations performed with the analytical and the linear 

electric circuit model. A very good agreement is 

obtained in the 2-20 Hz frequency range. Sensitivity 

increases linearly below geophone resonance and then 

stabilizes at 28.8 V m-1s-1 above 7 Hz. 

 

 
Fig. 6. Measured and simulated sensitivity of the geophone in 

open circuit. Measurement: black line, analytical model: blue 

line, circuit model: red line. 

3.3 Energy harvesting with resistive load 
 

The configuration of the geophone with a resistive load 

is considered to evaluate the available electrical power 

for immediate use (without energy storage). The power 

dissipated in the load versus load resistance is displayed 

in Figure 7 for an input vibration velocity of 0.05 m.s-1 at 

5 Hz. This case corresponds to a frame displacement of 

1.59 mm lower than geophone maximum displacement. 

As previously reported in [8], it is observed the 

dissipated power may be maximized if the value of the  

load resistance is optimized. A maximum dissipated 

power of 0.109 mW is obtained for a resistive load of 

3 k and a maximum displacement of the magnet of 

1 mm. In Figure 8, this result is compared to existing 

larger scale device used for ocean energy harvesting in 
terms of power per unit volume parameter. Hydraulic 

harvesting devices floating at the surface develop for 

offshore power plants correspond to the large volumes 

and masses. The medium power device is a flexural 

vertical beam clamped at ocean bottom surface which 

generates electricity via piezoelectric patches [9]. 

Compared to these higher power systems, the power per 

unit volume ratio of the geophone-based harvesting 

device is slightly lower than expected using scaling laws. 

This may be due to the limitation on the displacement 

amplitude of the geophone which decreases the useful 

velocity amplitude to approximately 20% of ocean 

surface amplitude and therefore reduces the dissipated 

power by a factor of 25. 



 

 
Fig. 7. Dissipated power versus resistive load 
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Fig. 8. Power per unit volume of various ocean wave 

harvesting devices. 

3.4 Energy harvesting with storage capacitance 
 

Sensors floating at ocean surface tend to use electric 

energy only at specific times to collect or transmit data. 

Therefore, the storage of the electrical energy transduced 
by the geophone in a capacitor via a diode bridge is 

considered here. Schottky diodes (BAT 41 Vishay) are 

used as they have a low forward voltage. Simulations are 

performed using the LTspice simulator with the circuit 

model of Figure 9. The variation of the calculated 

voltage across the storage capacitor with time is 

displayed in Figure 10 for an input vibration velocity of 

0.053 m.s-1 at 5 Hz and different values of capacitance. It 

is found that the increase of the capacitance increases the 

charging time and decreases slightly the steady-state 

voltage across the capacitor. Thus, stored energy in the 

capacitor may be increased in steady-state by increasing 

the capacitance value if charging time is not an issue. 

Measurements are presented in Figure 11 for the same 

configuration. They are in good agreement with 

simulation for steady-state voltage across the capacitor 

(with some ripple because the filter capacitance is not 

large enough) and qualitative effect of capacitance 

increase. However, measured charging time are smaller 

than simulated ones by more than one order of 

magnitude. 

 

 

 
Fig. 9. Electrical circuit model of the geophone energy 

harvester using LT Spice. 
 

 
Fig. 10. Simulation of voltage of storage capacitor versus time 

for different capacitances. 
 

 
Fig. 11. Measurement of voltage of storage capacitor versus 

time for different capacitances. 
 

Conclusion 

Preliminary simulation and experimental results on a 

small-scale ocean wave harvester show that electrical 

power of approximately 0.1 mW may be harvested with 

a 20 cm3 geophone integrating a moving coil transducer. 

Similar computed and measured values are obtained for 

dissipated or stored electrical energy in the case of 

resistive or capacitive loads respectively. Large 

difference between simulated and measured time 

constants of capacitor charge emphasizes the need for a 

better model for the Schottky diodes. Harvesting power 

is currently limited by the displacement amplitude of the 

geophone. An optimised transducer allowing for a larger 

displacement could reach a power of 2-3 mW. 
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