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Abstract  

This report details the methodology, design and prototyping of the energy harvester 

system for the MOBESENS mobile craft with emphasis on the development and 

simulation of the generator mechanics and the power electronics interface between 

the harvester and energy storage element. Two harvester developments are described:  

a mechanical pendulum device and a resonant inertial disk, both of which are excited 

by the motion of the kayak.  

A power electronic interface was developed which for the first time provides the 

functionality of tuning both the harvester resonant frequency and electrical damping in 

such a way as to operate the harvester at its maximum power density as the sea 

conditions (wave amplitude and frequency) change.  The final results show that an 

improvement in power density was achieved through the use of this adaptive interface 

when the excitation frequency moves away from the natural mechanical resonant 

frequency of the harvester.  The modelling, simulation, design and practical test 

results of the harvester system are presented in this report.  

 

Keyword list 

Energy harvesting, Inertial harvester, AC/DC H-bridge converter, generalized load impedance 

matching, optimization, control systems  
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Executive Summary  
In order to make the MOBESENS system functional with low maintenance over extended periods, 

batteries in the remote sensing elements must be either replaced by or augmented with energy 

harvesting sources.  This report details the methodology, design and prototyping of the energy 

harvester system for the MOBESENS unmanned surface vehicle (USV).  The harvester in the USV is 

designed to power critical backup systems, such as a GPS and a transmitter so that the craft can be 

located in case of a significant failure of the main batteries.  The harvester is not designed to power the 

drive system as the theoretical limits on power generation through harvesting are significantly lower 

than required for propulsion. 

An initial investigation of all of the possible methods of power generation through harvesting was 

undertaken for the MOBESENS scenario using a scaling analysis.  Two inertial harvester techniques 

were identified as providing the highest power densities for use in the USV: a pendulum device and a 

resonant inertial disk device.  In both techniques, the transducing element consists of two direct-current 

(DC) generators whose shafts are mechanically coupled to the rotation of the pendulum and disk 

respectively.  It was shown that of these two solutions, the pendulum device is the most tolerant to 

mechanical losses but the resonant device can potentially generate more power if frictional losses can 

be minimised. 

Both of these types of harvester were developed into prototypes and were linked to power electronics 

circuitry as an interface to an energy storage element – in this case a battery.  The power electronics 

stage is a topology known as an H-bridge and is common in motor drives but not common within the 

context of energy harvesting.  This interface was chosen because it has the capability of transferring 

energy bi-directionally between the harvester’s mechanical system (pendulum or disk) and the battery 

for either polarity of generator emf.  This feature allows the bridge input to behave as any complex 

impedance, which can be modified by altering the duty cycle of the switches.  Changing the input 

reactance of the bridge allows the system resonant frequency to be modified and altering the real part 

of the bridge input impedance allows changes in the damping to be made.  Control of both of these 

quantities is necessary in order to maintain maximum power density of the harvester as sea conditions 

change.  This work is the first demonstration of an energy harvester that is continuously tuneable 

through the use of a power electronics interface.  

Detailed control models of the electronics were developed and a detailed optimisation procedure was 

developed for maximising the efficiency of power converters operating at the mW power level.  

Operation of the H-bridge was shown to be able to modify the resonant frequency of the harvester 

±20% from its natural mechanical resonance and this in-turn was shown to increase the effective 

bandwidth of the system by around 20%.  On a test rocking platform, the pendulum was shown to 

generate around 120 mW of power in a processed form, i.e. into a battery.  
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1 Glossary 

Term Definition 

AC Alternating current 

Boost converter Step-up switch-mode power converter 

Buck converter Step-down switch-mode power converter 

DC Direct current 

emf Electromotive force 

H-bridge Power converter capable of 4-quadrant operation 

USV Unmanned surface vehicle 
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2 Description of Work Package 5  

2.1 Overview  

Work Package 5 (WP5) has focused on three aspects of the MOBESENS system and these 

are: 

• Mobility in the system (using an unmanned surface vehicle, or USV) 

• Mobile docking for energy transfer from USV to remote sensors 

• Energy harvesting for low maintenance operation of the sensors 

The first two of these aspects have been covered in previous deliverables and this report 

concentrates on the energy harvesting for the USV.  The tasks, milestones and deliverables 

of WP5 that relate to the energy harvester (not including the wireless power transfer, which 

was described in D5.3) are listed in Table 2.1.  

D5.1 Energy harvesting investigation, design and module prototyping report M33 

D5.2 Electronics and power management report M30 

D5.4 Mobile module docking report M33 

M5.1.1 Initial survey on harvesting techniques and power densities M04 

M5.1.2 Final selection of appropriate harvesting techniques M09 

M5.1.3 1st harvesting module prototype M24 

M5.1.4 2nd harvesting module prototype M30 

M5.2.1 Sizing of electrical energy storage component M24 

M5.2.2 Design of electronics to process power from chosen harvester M30 

M5.2.3 Manufacture and testing of circuits M30 

Table 2.1:  Tasks and milestones of WP5. 
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2.2 Approach  

The outline of the approach taken in the design and implementation of the energy harvester 

prototypes for MOBESENS are as follows:  

• Determine potential ambient energy sources within the deployment area 

• Perform analysis to investigate power density of each source 

• Choose two harvester types for prototyping 

• Design suitable power electronics circuitry as harvester interface 

• Evaluate performance of harvester prototypes 

Because mobility is a fundamental aspect in the MOBESENS system, it was decided in 

Year 1 that the first harvester prototypes would be designed to operate in the unmanned 

surface vehicle (USV).  The approach for the design of the harvesters for the USV is detailed 

in the following chapters:  Chapter 2 presents a review of the potential harvesting techniques 

and scaling analysis to justify the choice of harvesters that were taken forward to the 

prototype stage;  Chapter 3 describes the overall energy harvesting topology;  Chapters 4 

and 5 discusses the inertial pendulum and inertial disk prototypes respectively;  Chapter 6 

elaborates on the use of an H-bridge power electronics interface to continuously tune the 

mechanical resonant frequency of the harvester;  Chapter 7 presents the experimental results 

from both harvester prototypes;  Chapter 8 summarises the report.  Publications and 

presentations arising from WP5 are listed in the appendix.  
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3 Review of Potential Transduction 

Mechanisms  

At the start of the project a review of all possible energy harvesting techniques was 

undertaken and these were presented in the unofficial deliverable UD5.0, presented at the 

end of Year 1.  The objective of this survey, other than the identification of as many 

techniques as possible, was to derive formulae for the power output of all possible methods 

and compare the power densities as a function of input energy (in this context the input 

energy is closely linked to sea state) and harvester size. This survey is reproduced here in a 

contracted form.  This work was presented in “Thorner LDA, Mitcheson PD, Holmes AS, et al, 

Scaling Laws for Energy Harvesters in a Marine Environment, PowerMEMS 09, 

Pages: 249-252, ISSN: 2151-3155”.  

Figure 3.1 shows the potential renewable sources from which energy can be extracted within 

the environment of the MOBESENS system.  The available and renewable power sources of 

energy have been divided into two categories:  

• Fluid kinetic energy: wave, current, wind, tidal; in this case, the source of energy is 

contained in a flow of fluid. 

• Non kinetic energy: solar, thermal, salinity gradient.  

 

 

Figure 3.1:  Classification of harvesting techniques. 

Levels L1 and L2 in Figure 3.1 refer to energy sources and conversion techniques 

respectively. The leaves of the tree show the options for specific harvester embodiments and 
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it is these embodiments which have been compared in terms of power density and input 

excitation.  

Further details on wave energy conversion devices are given in [1], [2], and [3] but an 

analysis of the scaling of their power outputs and comparison of their power densities has not 

previously been reported in the literature and is of significance within this context so that the 

best harvester architecture can be chosen.  Marine energy harvesting techniques are difficult 

to compare because for each technique the output power is dependent on the specific 

implementation structure for each mechanism, however the aims of this analysis are to allow 

meaningful, yet simple, comparisons to be made between the possible techniques in terms of 

power output for different sizes of generator under different environmental conditions.  

The power outputs of the devices have been derived assuming that the energy harvesters 

occupy a cube of length L.  The photovoltaic devices are defined in terms of a square area, 

also of length L.  In each case, the output power is found to be proportional to the 

characteristic length of the device to the power n, i.e. Ln.  Devices with a large n achieve 

better power densities at large sizes and those with small n achieve better power densities at 

small sizes.  Therefore, devices with a low n are better suited to MEMS fabrication whilst 

devices with large n may be more suited to larger discrete implementations.  

In this work,  is the mass density of inertial masses, g is the gravitational constant, f is the 

average water wave frequency, H is the average wave height and L is the characteristic 

length of the energy harvesting device.  

3.1 Comparison of the Wave Energy Harvesting 

Transduction Mechanisms  

 

The power densities of the harvester types identified in Figure 3.1 were analysed briefly in an 

unofficial deliverable (UD5.0) and a detailed derivation of the output power formulae will be 

presented here.  

3.1.1 Inertial Systems 

Inertial energy harvesting systems have become common in the research literature for micro-

scale energy harvesting devices.  An example of such a harvester is shown in Figure 3.2, 

where a linear excitation of the generator frame causes a relative motion of between the proof 

mass, m, and the frame allowing energy to be generated by the transduction force, f.  



19 July 2011 Confidential 

MOBESENS   12

 

Figure 3.2:  Typical schematic of MEMS inertial energy harvesting generator.  

In this work, waves are considered to provide a sinusoidal excitation force on the frame of an 

inertial generator, however, in the context of MOBESENS, the generator frame (mounted in a 

USV or on a buoy) will tend to rock back and forth rather than being excited in a linear 

manner as has previously been typical in most of the reported literature on harvesters.  

The inertial oscillating type of harvester (as shown in Figure 3.3) is excited by the wave 

motion and thus the relative motion between the frame and proof mass drives the shaft of a 

generator.  Figure 3.3a and Figure 3.3b show the mass in a host vessel either implemented 

as a pendulum or a gyroscope respectively.  A large scale example of the inertial pendulum 

harvesting mechanism is the Searev device [4] and an example of a gyroscopic 

implementation is the Gyro-Wave-Gen device [5].  A third possibility, which is analysed and 

prototyped later in this report is an inertial disk.  This is similar to the pendulum device but the 

oscillating weight is a solid cylinder or disk with its centre of mass at its pivot, rather than 

being offset as is the case with the cylinder. 

 

Figure 3.3:  Inertial energy harvester types – (a) pendulum and (b) gyroscope.  

For the pendulum in Figure 3.3a,  and  are the absolute deflection angles of the pendulum 

mass and the host vessel respectively and they are both considered to vary harmonically.  

Assuming the damping torque with coefficient D is proportional to the relative velocity and by 
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applying the small angle approximation for the gravitational torque, the equation of motion is 

given by:  

 !!! mglDI ""#= )(   (3.1) 

Where I is the moment of inertia of the pendulum,  The expression for the output power is 

then:  

 2)( ! "#= DP  
(3.2) 

At the resonant frequency, the relative velocity between the proof mass (pendulum) and the 

generator frame is zero and there is consequently no output power generated.  At a 

frequency smaller than the resonant frequency, the output power is obtained by substituting 

(3.1) into (3.2) and rewriting the mass in terms of characteristic length and density, resulting 

in:  

 
42

0
3

LgfP steelAVE #= $
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 (3.3) 

In the gyroscopic harvester, as the mass is initially given a precession movement around the 

x-axis, the waves will force the mass to rotate about the y-axis and consequently, a rotation 

about the z-axis.  Further analysis of the gyroscopic device can be found in [6].  

The inertial linear type consists in the linear mass-spring and damper system described in [7].  

A medium scale example is the SRI ocean wave-powered generator.  According to [7], the 

expression of the average output power is:  
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which can be rewritten as:  

 
433

2

1
HLfPAVE $%=  (3.5) 

 

3.1.2 Surface Buoyancy Generation  

As waves propagate on the water surface, they enable regular movements of floating 

systems to generate energy.  These systems typically consist of one unique buoy driving a 

generator with its movements, as shown in Figure 3.4a.  At the hinges, there is either a hydro 

electrical converter (Figure 3.4b) or a double layer of air-pressure chambers (Figure 3.4c).  
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Figure 3.4:  Surface buoyancy generation – (a) floating tethered buoy, (b) hinge movement 

snake, (c) hinge movement blanket form.  

The OPT Power buoy and the Oweco buoy illustrate the floating tethered buoy mechanism.  

Supposing the floating buoy is an ideal air-filled sphere and assuming the generator is linear, 

the average output power is given by:  

 
3

3

8
gHfLP airAVE %$=  (3.6) 

A case of surface buoy providing energy from its hinges between the different rafts is the 

Pelamis.  The average output power for this type is:  

 
4

8
gfLPAVE $

%
=  (3.7) 

The Wave Blanket is an example of the blanket type buoy.  

 

3.1.3 Oscillating Water Column (OWC)  

An oscillating water column consists of a hollow structure partially submerged.  The waves 

compress and decompress the trapped air column which is thus forced to cross a Wells 

turbine.  This particular turbine rotates regardless of the direction of the airflow.  An examples 

of this power generation mechanism is the Limpet [1].  

 

Figure 3.5:  Oscillating water column device. 

(a) 

(b) 

(c) 
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Supposing the air column is trapped in an cubic space of length L, y(t) is the harmonic 

amplitude of the wave and yC(t) is the harmonic level of water in the OWC.  The pressure 

difference is:  

 )( Cyygp "=' $  (3.8) 

On the other hand:  

 
CT yLvA 2=  (3.9) 

where AT is the area of the turbine. 

We can therefore write: 

 
22

2
LgfHPAVE $

%
=

 
(3.10) 

A different output power formula is described in [3] where the OWC is considered as a turbine 

and there is an extra term that takes into account the independence of the turbine from the 

direction of the airflow.  

 

3.1.4 Overtopping Device 

The propagation of waves results in a succession of crests and troughs.  An overtopping 

device, shown in Figure 3.6, relies on a ramp enabling water to be trapped into a reservoir.  

The reservoir border is located at a certain height above the average water level.  The wave 

potential energy is thus absorbed and a turbine (linked to a generator) is activated as water 

goes back to the average level.  In a first approximation, the ramp isn’t taken into account and 

the problem is simplified by assuming that water will fill the reservoir if the wave crest is larger 

than the reservoir borders.  A large scale example of this architecture is the Wave Dragon [1].  

 

Figure 3.6:  Operating principles of an Overtopping Device as implemented in the Wave Dragon 

prototype [1].  
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The height of the ramp above the water is critical.  A higher ramp will mean that the potential 

energy contained in each unit mass of water is greater but also means that a lower average 

mass of water will overtop There is there an optimal value for the height of the ramp.  When 

the ramp height is optimised, the average output power from this system is given by:  

 CAVE gfhP $87.0=  (3.11) 

 

where f is the wave frequency and the wave height, hC is equal to the height of the reservoir 

border. 

 

3.1.5 Current Turbine 

A water current turbine could be used in a river environment.  An axial-flow turbine described 

in [8] is an illustration of this energy harvesting mechanism. Furthermore water and air are 

fluids that differ by the velocity and the viscosity coefficient.  The average output power is 

given by the following formula from [8]:  

 
23

8
LVCP PAVE $

%
=  (3.12) 

where the water velocity is V and the kinetic power coefficient of water is CP.  

 

3.2 Photovoltaic Solar Panel 

This energy harvesting mechanism is widely used in a marine environment since it has a 

good power density and also an affordable price.  Supposing a buoy with five photovoltaic 

solar panels, each of area L2, forming a boxed enclosure without a panel on the bottom-side, 

the average output power is then:  

 
25 LPP SAVE (=  (3.13) 

where  is the efficiency of the solar panel, PS is the average incident solar power and L is the 

characteristic length of each panel.  

3.3 Comparison and Discussion 

The choice of the most appropriate micro-generator for a water quality monitoring platform 

depends on the power density, mobility of the device and possible miniaturisation of the 

device such that it can be deployed inside a different host (the USV or floating buoys).  For 

operation in the USV, the requirement for mobility rules out mechanisms that must be fixed to 
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a particular location.  The theoretical output power as a function of a characteristic length was 

deemed as a suitable comparison metric because it takes into consideration both the power 

density and the effect of miniaturisation of the harvester.  The graphs in Figure 3.7 were 

plotted for different wave height, (H), and wave frequency, (f).  Table 3.1 lists a summary of 

the various energy harvesting mechanisms that could be utilised in the kayak and the scaling 

of their respective output powers with the characteristic length of the device.  

(a) 

 

(b) 

 

(c) 

 

Figure 3.7:  Comparison graphs of harvester power output as a function of generator 

characteristic length : (a) ideal conditions: f = 0.25 Hz, H = 0.3 m; (b) larger wave frequency: f = 

1 Hz, H = 0.3 m; (c) larger wave height: f = 0.25 Hz, H = 1 m.  
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Energy Converters Power densities  Remarks 

PV solar Panel 
 

    
=efficiency of the PV solar 
panel 
Ps= averaged solar power 
L= length of the square panel 

Current Turbine 
 

  
 

  
= coefficient of the fluid 

=fluid density 
V= speed of flow 
L= diameter of the turbine 

Overtopping device 

   
and 

 


    


    

 

 

=fluid density 
 = 10m. 
=water flow above the 
reservoir  

= water height above the 
turbine 

Oscillating Water 
Column (OWC) 

 

  
  

 

 

=fluid density 
 = 10m. 
H= wave height 
=wave frequency 
L= characteristic length 

Inertial linear 
 

  
 

 

= steel 
density 
H= wave height 
=wave frequency 
L= characteristic length 

Pendulum 

 

  


 

 

 

=fluid density 
 = 10m. 
=wave frequency 
L= characteristic length 
=initial angle 

Inertial Oscillating 

 
 

 



   


 

 

 

=fluid density 
 = 10m. 
= efficiencies of 
conversion 
= wave length 
Hs= wave height 
Tp= wave period 
L= characteristic length 

Surface buoyancy 
floating tethered 
buoy 

 

   
 

 

 

=fluid density 
= 10m·s-2 

Hs= wave height 
=wave frequency 
L= characteristic length 

Surface buoyancy 
Hinge movement 

 

   
  

=fluid density 
= 10m. 
=wave frequency 
L= characteristic length 

Table 3.1:  Summary of the different energy harvesting techniques and the dependence of 

output power with the characteristic length of the device.  
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3.4 Interpretation of Results and Choice of 

MOBESENS Harvesters 

In the log-log format, the different slopes indicate the power of L in the output power formulas.  

The photovoltaic cell is independent from the wave parameters and it has a good power 

density.  The surface buoy with a hinge movement and the inertial pendulum mechanism are 

more influenced by the frequency than by the wave height because they rely more on the 

velocity of the waves.  The inertial linear type heavily depends on the frequency.  The turbine 

under a tethered buoy is a specific option for a river scenario.  The oscillating water column 

(OWC) and the overtopping mechanism are relevant for a large scale system.  

 

3.5 Conclusion  

Different energy harvesting mechanisms specific to a marine environment have been 

described and compared.  This comparison is a guideline for the choice of a microgenerator 

that could be implemented in a water quality monitoring autonomous and mobile platform.  

The comparison has been made between several harvesting architectures: the photovoltaic 

solar panel, the current turbine, the inertial oscillating pendulum mechanism and the surface 

buoy with a hinge movement.  

As can be seen from the three plots in Figure 3.7, within the range of characteristic lengths 

between 0.1 m and 0.3 m, which is the approximate limit on the size of energy harvesters on 

both the MOBESENS USV and the buoys, the best energy generation mechanisms are the 

oscillating water column (OWC) and the inertial pendulum.  Given the need for the OWC to 

be anchored to a fixed point, i.e. the shoreline, it was decided that a prototype pendulum 

harvester would be pursued in the first instance.  

Having decided on a suitable transduction mechanism, a suitable power electronics interface 

must be designed in order to extract maximum power from the transducer.  The topology of 

the entire energy harvesting system is shown in Figure 3.8.  The design of a suitable energy 

harvester typically involves choosing the transduction mechanism that offers the highest 

mechanical-to-electrical energy conversion efficiencies.  Subsequently, the power electronics 

interface will be used to condition the harvested energy to a usable electrical form suitable for 

the sensors on-board the USV as well as storing the generated energy into a battery or 

supercapacitor. 

From measurements taken in field tests and through experimental observation, the target 

specifications for the harvester are therefore:  

• Total device volume less than 2000 cm3.  

• Generated output power greater than 100 mW.  
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• Operate from water waves that rock the USV at a frequency of approximately 1 Hz, 

causing the USV to tilt between ±15°.  

• Charge a battery to provide output voltage regulation for the sensor electronics.  

 

 

Figure 3.8:  Possible ambient energy sources and the required power processing topology for 

harvester powered wireless sensor.  

The design of this system will be described in the following chapters. As found in the previous 

chapter, the first transduction mechanism will be a pendulum device linked to an 

electromagnetic transducer.  The power electronics interface must then allow extraction of the 

maximum amount of energy and store that energy into a battery. 
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4 Inertial Pendulum Prototype  

A pendulum based energy harvester was built to test the feasibility of harvesting energy from 

water waves when mounted in the USV.  The available positions in which the harvester can 

be placed in the USV are shown in Figure 4.1 in red.  As the harvester prototypes are 

designed to be excited from rocking of the USV from port to starboard rather than from bow to 

stern, the rocking motion experienced by the harvester in each harvester compartment is 

identical and therefore it does not matter which of these compartments is used.  

 

Figure 4.1 USV with harvester compartments highlighted in red 

This harvester consists of three components: an inertial pendulum with its axis of rotation 

aligned along the bow-stern axis of the USV; two direct-current (DC) generators which form 

the transduction mechanism; and a tachogenerator.  The harvester, shown in Figure 4.2, is a 

pendulum type device designed for harvesting energy from the rocking motion that naturally 

arises in a USV.  The proof mass (pendulum) is a 120° segment of a hollow dural cylinder, 

freely suspended from a pivot by ball bearings.  The proof mass is 18.4 cm in length, with 

outer and inner radii of 11 cm and 9 cm respectively.  The pendulum is motion-coupled, via a 

rack and pinion arrangement, to two brushed DC generators which are electrically connected 

in series to form the energy harvesting transducer, and to a third DC generator which acts as 

a tachogenerator to provide velocity feedback to the control system. 



19 July 2011 Confidential 

MOBESENS   22

  

Figure 4.2:  Photograph of the wave energy harvester.  

Two series-connected DC generators were used in order to increase the generated emf to a 

level well beyond that of pn-junction drop to minimise the electrical losses in the system.  A 

rack and pinion setup was used to couple the pendulum’s oscillation to the DC generators 

where a circular pinion was attached to each of the generator rotors and a rack was mounted 

on the side of the pendulum that faces the generators.  This is shown in Figure 4.3.  
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Figure 4.3:  Rack and pinion ensemble to couple the oscillation of the pendulum to the 

generators and tachometer.  

 

4.1 Pendulum Harvester – Equations of Motion  

Operation of the pendulum harvester is dependent on the position of the kayak’s axis of 

rotation with respect to the pivot point of the pendulum.  Therefore, the pendulum will 

experience two modes of excitation: a linear translation and rotation.  The operating 

conditions and the significance of each excitation mode will now be described.  

4.1.1 Pure Rotational Excitation  

The mechanical model of the inertial pendulum based on the physical construction in Figure 

4.2, is shown in Figure 4.4.  In this model, the rotation axis of the pendulum coincides with the 

bow-stern axis of the host structure (USV).  The angle between the host and vertical axis and 

is h and the angle between the pendulum and the vertical axis is p.  
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Figure 4.4:  Mechanical model of the inertial pendulum.  

The motion of the pendulum can be simply written using Newton’s 2nd law as:  

            (4.1) 

where the distance from the pendulum’s centre of gravity to its pivot point is L, moment of 

inertia, I = mL2, acceleration due to gravity is g, deflection angle of the host is h, the 

deflection of the pendulum with respect to the host is h and the damping factor of the 

transducer is D.  

Taking the Laplace transform of (4.1) and then using the small angle approximation for sin () 

results in:  

           
 

        
(4.2) 

 

The transfer function relating the angular displacements of the pendulum to the host 

structure, i.e. the amplitude of p for a given amplitude of h is given by:  

 


   
    (4.3) 

 

The pendulum harvester model in Figure 4.4 approximates the physical system by a simple 

pendulum and the mechanical resonant frequency, r, is simply:  

    (4.4) 
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When the pendulum is driven at resonance, 



 becomes:  

  




   
   

 (4.5) 

 

The available output power, Pout, is then found using 

:  

 
 

  
  

  
    


 

(4.6) 

 

Substituting (4.4) into (4.5) results in 


 , i.e. none of the host’s motion is coupled into the 

pendulum’s oscillation and the harvester exhibits anti-resonant behaviour when driven at its 

mechanical resonant frequency.  For the prototype, the theoretical resonant frequency, r is 

1.76 Hz and the anti-resonance can be seen at this frequency in Figure 4.5.  

 

Figure 4.5:  Simulated anti-resonant behaviour of the pendulum harvester.  

In Figure 4.6, the anti-resonance behaviour causes the output power to decrease to zero at a 

normalised frequency of 1 because at this point (shown also in Figure 4.5 at the un-

normalised resonant frequency of around 1.2 Hz) the relative motion between pendulum and 

host drops to almost zero, there is no relative speed difference between the inertial pendulum 

and host.  
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Figure 4.6:  Simulated output power from the linearly excited pendulum harvester.  

 

4.1.2 Pendulum Pivot Moving on Arc with Sinusoidal 

Excitation  

When the axis of rotation of the host is not perfectly aligned with the pendulum’s pivot point, 

the pendulum energy harvester behaves like a double pendulum, as shown in Figure 4.7.  In 

this case, the distance between the axis of rotation to the pendulum’s pivot point forms the 

first link and the distance between the pivot point to the pendulum’s centre of mass 

constitutes the second link.  This means that the pivot point of the pendulum experiences 

both translational and rotational motion. 

When the harvester is positioned in the cavity of the kayak, the water waves will excite the 

pendulum.  Figure 4.7 shows the trajectory of the pendulum’s pivot point, i.e. the dotted line 

with an arrowhead at both ends.  The definition of the variables used is provided in Table 4.1.  

This model assumes a sinusoidal oscillation about the rotation axis for the roll of the kayak.  

The pivot axis of the pendulum will move in the trajectory indicated by the dotted line.  This 

mechanical arrangement is equivalent to the off-axis rotational energy harvester presented 

in [9] and hence, to the double pendulum problem.  
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Figure 4.7:  Trajectory of the pendulum's pivot point when excited by a sinusoidal source.  

Variable Description  

Oh Axis of rotation for roll of kayak.  

Op Pivot axis of pendulum.  

C Centre of mass of pendulum.  

lh Distance from axis of rotation of kayak to the pendulum’s pivot point [m].  

lp Distance from the pendulum’s pivot point to the centre of mass [m].  

h Angular displacement of kayak relative to its frame [radians].  

p Angular displacement of pendulum relative to the kayak [radians].  

Dp Parasitic damping coefficient [N/ms-1].  

De Electrical damping coefficient [N/ms-1].  

Table 4.1:  Parameters of the wave energy harvester. 
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The equation of motion describing the mechanical system in Figure 4.7 is given by [10]:  

                     (4.7) 
 

where I is the moment of inertia of the pendulum about its pivot point, Op and D is the sum of 

De and Dp.  

Equation (4.7) differs from the well known equation of motion for a double pendulum [10] due 

to the additional term,   , added to represent the damping due to the generator’s 

torque which represents the generated energy.  Analytical solutions to the motion of the 

double pendulum system are not possible because the system is non-linear and chaotic.  It 

was decided that basic understanding of the mechanical system could be obtained by 

numerical simulation and therefore, a Simulink model of the wave energy harvester was 

constructed.  This model implements (4.7) with values of the parameters being those 

measured from the device.  A sinusoidal excitation with fixed amplitude of    radians 

(18°) at varying frequencies was applied as the input to the system.  

The restoring torque, , for a pendulum is given by:  

     (4.8) 

where m is the proof mass and g is the acceleration due to gravity.  

For small angular displacements,   , and the restoring torque is approximately 

proportional to the angular displacement of the pendulum, p.  Thus, the resonant frequency, 

f, of the mechanical system is expected to be:  

 

  



  (4.9) 

For this prototype harvester, m = 2.4 kg, I = 0.023 kgm2 and lp = 7.8 cm which gives a 

theoretical resonant frequency of 1.43 Hz.  Under practical circumstances, the natural 

frequency of oscillation will be reduced by damping and, at larger deflection amplitudes, by 

the weakening of the restoring torque due to the  term.  In addition, the tachogenerator 

and DC generators will contribute towards the mechanical system’s inertia.  The actual 

resonant frequency of the pendulum energy harvester was measured using an oscilloscope 

connected to the tachogenerator and was found to be 1.17 Hz.  
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5 Inertial Disk  

5.1 Prototype  

In this section, a variant of the inertial pendulum structure (described in Section 4) will be 

described.  The inertial disk harvester, shown in Figure 5.1 – Figure 5.3, was designed such 

that it will overcome the displacement limit experienced by the inertial pendulum harvester.  In 

this case, the cylindrical disk is able to rotate around its axis of rotation which is supported by 

ball bearings.  A coil spring was used to apply a restoring torque to the disk.  A rack and 

pinion ensemble couples the rotation of the disk to two DC generators and a tachogenerator.  

The equations of motion for the inertial disk is similar to the ones that describe the sinusoidal 

excitation of the inertial pendulum but with lh = 0, i.e. that of a single pendulum.  

  

Figure 5.1:  Prototype model of the inertial disk energy harvesting device.  
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Figure 5.2:  Alternative views of the rack and pinion ensemble.  

 

Figure 5.3:  Close-up view of the torsional spring.  

The detail of the testing of both the pendulum structure and the resonant disk is only 

meaningful when they are connected to their power electronics interface charging a battery.  

Therefore, this will now be described before the test results are presented.  
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6 Power Management Electronics  

6.1 Introduction  

In all practical applications of energy harvesting devices, the ambient energy source is 

assumed to be intermittent in nature, i.e. the prime mover will exhibit high and low supply of 

energy.  These intermittencies must be accounted for in order to maintain optimal operation 

of the harvester.  Therefore, to achieve a completely self-powered application, the interface 

electronics should accomplish the following tasks:  

• Regulate its input impedance (real and reactive parts) according to the variation in the 

mechanical excitation properties of the system.  

• Tune the mechanical resonant frequency of the harvester to match that of the source 

excitation frequency.  

• Step-up the generated emf so that the excess generated energy can be stored in an 

energy storage element.  

• Rectify and condition the generated emf such that it can be used to supply to an 

electrical load.  

The energy harvesting pendulum is essentially an electromechanical device which can be 

modelled using equivalent electrical components.  Modelling in such a way gives an insight 

into the features that the power management electronics has to implement.  Figure 6.1 shows 

the electromechanical model of the wave energy harvester and the transduction mechanism 

(represented by a transformer with coupling factor, ) interfaced to an electrical load.  Here, 

the transformer couples the energy from the mechanical domain (pendulum-driven wave 

energy harvester) to the electrical domain (DC generator).  The generated emf is proportional 

to the angular speed of the pendulum and therefore the harvester fits the velocity-damped 

resonant generator (VDRG) model reported by Mitcheson et al. in [7].  The pendulum’s 

oscillation was assumed to be small such that the small angle approximation can be applied 

to linearise the oscillatory behaviour of the pendulum.  For a DC generator implementation of 

an electromagnetic transducer, maximum power transfer from the harvester to a load occurs 

when the load impedance is a complex conjugate match to the source impedance [9].  

 

Figure 6.1:  Electrical equivalent circuit of the wave energy harvesting system.  
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The harvester mechanics are represented by a parallel RLC circuit that is excited by a current 

source that represents the input motion of the hull of the kayak.  In this model, the primary 

side of transformer represents the mechanical components of the harvester with a load 

connected to the secondary side.  The velocity-damper, D, is represented by a resistor, the 

spring constant, k, by an inductor and the inertial mass, m, by a capacitor.  The generator is 

modelled as a voltage source with an armature resistance and inductance (RA and LA 

respectively).  This is the model of the harvester that the power management electronics 

(represented by a load in Figure 6.1) will connect to.  

At resonance, the capacitor (m) and inductor (1/k) on the primary side are tuned out and 

maximum power will be transferred from the harvester to the load when the load is a complex 

conjugate impedance match to the source impedance, RA + jLA.  On the contrary, under non-

resonant conditions, the primary reactance is not tuned and the load, when referred to the 

primary-side of the transformer, contributes towards the total reactance of the transducer.  

With a complex conjugate impedance match between the load and source, the reactive 

components in the transducer’s electromechanical model can be tuned out and resonant 

operation can be achieved.  In the load, any resistive component enables charge to be stored 

in an energy storage element whereas any reactive component allows energy to be cycled 

between the mechanical structure (pendulum) and the energy storage element.  A complex 

conjugate matched load  impedance will tune out the reactive components in the electrical 

equivalent circuit when the load is referred to the primary.  This results in maximum power 

transfer from the harvester to the load.  Additionally, with an adaptive interface electronics 

circuit in place of a simple load resistor, the reactive components in the load will allow the 

load electronics to tune the oscillation of the pendulum to match that of the water waves that 

strike the USV.  

The technique of using reactive loads to tune the mechanical resonant frequency of a 

harvester was published in [11] which used lumped elements, i.e. resistors, inductors and 

capacitors.  However, the method presented in [11] does not allow energy to be pushed into a 

storage element because the generated energy was dissipated in a load resistor nor does it 

provide the basis for a continuously variable tuneable system, i.e. the lumped reactive 

components have fixed values.  The power electronics interface for the wave energy 

harvester should fulfil three main criteria:  

• Match the electrical damping from the load electronics to the parasitic damping of the 

harvester. 

• Tune the mechanical resonant frequency of the pendulum harvester to emulate that of 

the water wave frequency. 

• Store the generated energy into a battery or supercapacitor. 

Consequently, the resistive and reactive components in the load must be controllable (unlike 

a simple resistive load) in order to ensure optimal operation of the wave energy harvester.  
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The chosen topology for the interface electronics is shown in Figure 6.2 and utilises an H-

bridge circuit to implement a complex conjugate match to the harvester.  

 

Figure 6.2:  Power processing topology for the wave energy harvester.  

6.2 Resonant Frequency Tuning  

Figure 6.3 shows the power processing stages involved in order to emulate either a constant 

resistance or a complex conjugate load, depending on the operating mode of the pendulum 

harvester.  If the pendulum is driven at its mechanical resonance, a matched resistive load 

will suffice whereby maximum power will be transferred from the transducer to the electrical 

interface.  Otherwise, a complex conjugate load will be required to force the mechanical 

system to resonate.  Impedance emulation and resonant frequency tuning will be 

implemented by controlling the armature current drawn from the generator.  

As was mentioned previously, the output voltage from a tachogenerator will be sampled and 

this voltage is representative of the generated emf.  The reason for doing so can best be 

explained using Figure 6.3.  In order to tune the mechanical resonant frequency of the 

pendulum harvester, the measured armature current, Imeas, from the generator has to be 

continuously altered.  As such, the voltage across the generators will change according to 

Imeas.  An independent measurement of the generated emf, labelled as Vref in Figure 6.3, is 

required so that the electrical behaviour of the generator is isolated from the calculations of 

Iref.  The use of this tachogenerator did not notably impair the overall mechanical behaviour of 

the wave energy harvesting system because its weight and moment of inertia is insignificant 

compared to the two energy harvesting generators.  
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Figure 6.3:  Block diagram illustrating the power processing stages.  

Resonant frequency tuning was achieved by compensating the measured armature current 

such that it tracks a reference current that is calculated from a software-implemented RLC 

network in the closed-loop compensator (microcontroller) using the expression shown in 

(6.1).  Seeing as this RLC network (Figure 6.4) is implemented in software, negative values of 

either component is feasible which means a negative capacitor will behave like a positive 

inductor.  The reactive components, i.e. capacitor and inductor, introduce a derivative and 

integral term respectively which represents a phase-shift between the generated emf, Vref, 

and the current vectors.  

   



   

 (6.1) 

 

 

Figure 6.4:  Schematic of circuit which is emulated using a control loop and the H-bridge in 

order to modify harvester damping and resonant frequency.  

 

6.3 H-Bridge Operation  

An H-bridge circuit consisting of four semiconductor switches, M1 – M4, (typically MOSFETs) 

was chosen as the direct interface to the wave energy harvester (DC generator).  The 

terminals of the generator are connected between the high and low-side MOSFETs and 
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across the left and right branches of the bridge circuit, as shown in Figure 6.5.  Operation of 

the H-bridge is valid for both polarities of the generated emf.  When these switches are 

connected to the DC generator (represented by its electrical equivalent circuit in Figure 6.5), 

the interface electronics can operate as either a boost or buck switch mode converter.  In the 

former, the interface electronics will extract real power from the mechanical system into the 

electrical system and this is the most fundamental mode of circuit operation.  However, when 

the circuit is used as a buck converter, power will be transferred from the battery (energy 

storage element) to the mechanical system and this alters the mechanical resonant frequency 

of the system.  Therefore, when the harvester is excited at resonance, only boost operation is 

required.  However, when the excitation frequency does not match the natural (untuned) 

mechanical resonant frequency of the system, the electronics should alternate between boost 

and buck operation in order to allow power generation and resonant frequency tuning 

respectively.  

 

Figure 6.5:  Configuration of the H-bridge and generator.  

Operation of the boost and buck configurations will not be presented in this report, 

nonetheless an official deliverable, D5.2, presents detailed analysis of the two topologies.  A 

summary of the operation of the H-bridge interface in order to synthesise a generic and 

complex electrical load is shown in Figure 6.6.  
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Figure 6.6:  Schematic showing the switching sequences of the H-bridge and DC generator 

circuit in order to generate a reference current at a different frequency to that of the source 

excitation.  

A mixed electromechanical model of Figure 6.7 was constructed in PSpice.  The values of the 

components on the primary side of the transformer were set to be equivalent to the 

mechanical parameters of the prototype pendulum harvester, i.e. m = 2.4 kg, I = 0.023 kgm2 

and r = 7.8 cm.  

 

 

Figure 6.7:  Equivalent circuit for the wave energy harvester and an H-bridge power electronics 

interface.  
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6.4 Circuit Optimisation  

The combination of the H-bridge circuit and the electrical equivalent circuit of the DC 

generator forms either a boost or buck converter, depending on the magnitude of the 

generated emf compared to the battery voltage.  Optimising the interface electronics to 

achieve operation at the maximum power point is crucial given the typically low output power 

levels from energy harvesting devices.  In this energy harvesting system, the H-bridge 

contains four MOSFETs which dissipate power whenever they are switched on and off and 

they will constitute the majority of the power lost due to the non-idealities of the device [12].  

Choosing a MOSFET for this application is a non-trivial issue, for example, a wider MOSFET 

may exhibit lower conduction loss but there may be increased switching loss and there will be 

greater loss associated with charging and discharging the gate capacitances of the device.  
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7 Experimental Results  

The results reported in this section were obtained after the in-field tests in Thau on November 

2010, of which the team from Imperial College London participated in.  During the test 

session in Thau, accelerometers were placed in the kayak to measure the motion of the hull 

of the USV.  The complete wave energy harvesting system has not been tested in-field with 

the USV and the experimental results presented here were obtained under laboratory 

conditions.  Nonetheless, the complete energy harvesting system will be deployed during the 

final test session scheduled in September 2011.  

7.1 Inertial Pendulum  

In order to control the input impedance of the converter, the transducer emf and the input 

current must be measured.  A circuit schematic of the transducer interfaced to the controller 

and H-bridge is shown in Figure 7.1.  The demand current (labelled as Iref) can be calculated 

from the transducer emf based on the required input impedance of the converter.  A control 

loop was then be used to ensure the measured current (Iin) in the transducer tracks a demand 

current which is generated based on the generated emf.  It is not possible to directly measure 

the transducer’s generated emf and at the same time, attempt to measure Iin because the 

transducer’s internal impedance will alter the voltage across Vx and Vy in the H-bridge.  

Hence, the generated emf is inferred from a separate tachogenerator (Etacho) which is 

mechanically ganged to the generator transducer (EG), as shown in Figure 7.1.  

 

Figure 7.1:  Schematic of the closed-loop wave energy harvesting system.  
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In the implementation of the circuit shown in Figure 7.1, a microprocessor samples the 

tachogenerator emf and the input current through the H-bridge using a Hall-effect sensor.  

The microprocessor calculates a demand current using (6.1).  A closed-loop digital 

proportional-integral-derivative (PID) compensator is then wrapped around the system to 

ensure the measured current tracks the demand current.  The compensator gains were 

verified for a range of tachogenerator emf based on the expected excitation characteristics 

when the harvester is positioned in the USV, i.e. 0 to 5 V.  Modification of the bridge current is 

performed through operation of the four MOSFET switches in the H-bridge.  Figure 7.2 shows 

the measured transducer emf (top) and the filtered current flowing through the transducer 

(bottom) when the H-bridge is configured to behave as a pure 1000 F capacitive load.  The 

current amplitude and phase (relative to the transducer emf) are as expected for this load, 

within reasonable experimental error.  

 

Figure 7.2:  Measured waveforms from a synthesised 1000 F load.  

Having validated the functionality of the H-bridge circuit and PID compensator, the complete 

experimental system was tested on a laboratory rocking table at different excitation 

frequencies at fixed amplitude.  This essentially mimics the conditions when the pendulum 

harvester is placed in the USV.  The mechanical resonant frequency of the system for 

different synthesised reactive loads was obtained by sweeping the rocking table frequency 

and looking for the peak in the response of the integral of the tachogenerator emf which 

corresponds to the position of the pendulum, p.  Changes in the system damping through the 

use of synthesised resistive loads were analysed by normalising the maximum position of the 

pendulum with a given load to the open circuit case.  

Figure 7.3 shows that the system damping changes as expected with load conductance.  As 

the load conductance increases, increased current flows in the transducer causing the 

relative motion of the pendulum to decrease.  If negative conductance is added 

(corresponding to the bridge supplying power to the mechanical system), then the normalised 

pendulum displacement increases.  
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Figure 7.3:  Observed modification in damping through changes in normalised displacement.  

In Figure 7.4, a similar behaviour was observed in the mechanical resonant frequency of the 

system.  Adding a positive and negative capacitance caused the resonant frequency 

(1.17 Hz) to decrease and increase respectively.  The mechanical resonant frequency was 

observed to change between -20% to +5% from the natural resonant frequency of 1.17 Hz.  

Beyond this range, the H-bridge MOSFETs entered saturation and thus, restricting the 

magnitude of the reactive current in the bridge.  

 

Figure 7.4:  Observed changes in the natural resonant frequency using a synthesised 

capacitive load.  

A different metric, i.e. susceptance, can be used to quantify the use of reactive loads to 

change the natural mechanical resonant frequency of the system.  In this case, either a 

synthesised inductor or capacitor can be chosen to tune the system based on the oscillation 

frequency of the mechanical pendulum.  Figure 7.5 shows the changes in the mechanical 
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resonant frequency as a function of the susceptance of the synthesised reactive load in the 

H-bridge.  

 

Figure 7.5:  Observed modification in resonant frequency as a function of susceptance.  

Changes in the input impedance of the H-bridge will affect the harvested power.  In Figure 

7.6, a synthesised load of a resistance (150 ) and three values of synthesised capacitances 

(0, 300 F and -300 F) were used to demonstrate the output power improvement as a result 

of the tuning mechanism.  Addition of a positive synthesised capacitance will reduce the 

resonant frequency because this is akin to increasing the inertial mass in the mechanical 

system.  The contrary holds true for negative synthesised capacitances.  In this experimental 

setup, a Cole-Parmer WZ-51820-05 Digital Rocking Shaker [13] was used to mimic the 

oscillations present in the USV.  When a pure resistive load is synthesised, the peak in output 

power corresponds to the damped natural resonant frequency of the system, which from the 

measured results in Figure 7.6 is at 1.28 Hz.  Adding a synthesised -300 F capacitance to 

the load causes the peak in output power to shift to 1.34 Hz.  Beyond 1.34 Hz, i.e. the 

crossover point for this synthesised load, the output power is always greater than when only a 

pure resistance was synthesised.  With a synthesised capacitance of 300 F, the output 

power was estimated to have peaked at about 1.2 Hz and below this frequency, the output 

power was observed to be always greater than in the -300 F case.  
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Figure 7.6:  Change in the mechanical resonant frequency of the system when different 

synthesised capacitive loads were used with a synthesised resistance of 150 .  

7.2 Inertial Disk  

Changes in the mechanical resonant frequency of the inertial disk were measured when 

various synthesised capacitances were emulated at the input of the H-bridge circuit.  The 

results are shown in Figure 7.7.  In this case, the synthesised resistance was fixed to 100 .  

A ±14% change from the natural mechanical resonant frequency of 0.57 Hz was observed.  

 

Figure 7.7:  Observed changes in resonant frequency of the inertial disk when different 

synthesised capacitances were used with a synthesised resistance of 100 .  
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Unfortunately, the inertial resonant disk was less successful in terms of power generation 

than the pendulum, and this is why results of output power for the disk are not presented 

here.  Although, as shown in Figure 7.7, it was possible to modify the inertial disk generator 

resonant frequency, the resonant disk generated almost no power (< 1mW) when compared 

to the pendulum device.  This was ultimately found to be due to the fact that the Q factor of 

the disk mechanical system was very low at around 2, making it almost impossible to obtain 

significant movement of the disk on the rocking table.  In contrast, the pendulum has a higher 

Q of around 5 and obtains additional energy from the rocking table because of the fact that 

the pendulum can be excited by both a translation of the pivot and a rotation (as is the case in 

the USV if the pendulum is fitted at the correct height).  
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8 Conclusions 

This report has discussed the energy harvesting investigation, design, prototype and testing 

for the MOBESENS system.  Harvesting energy is an important component within the project 

in order to allow sustained operation of the system whilst minimising maintenance.  

An initial investigation of all of the possible methods of power generation through harvesting 

was initially undertaken for the MOBESENS scenario using a scaling analysis.  This analysis 

showed that two inertial harvester techniques were suitable for use on the USV because they 

achieved high power densities: a pendulum device and a resonant inertial disk device.  In 

both techniques, the transducing element consists of two direct-current (DC) generators 

whose shafts are mechanically coupled to the rotation of the pendulum and disk respectively.  

It was shown that of these two solutions, the pendulum device is the most tolerant to 

mechanical losses but the resonant device can potentially generate more power if frictional 

losses can be minimised.  

Both of these types of harvester were developed into prototypes and were linked to power 

electronics circuitry as an interface to an energy storage element – in this case a battery.  

The power electronics stage is a topology known as an H-bridge and is common in motor 

drives but not common within the context of energy harvesting.  This interface was chosen 

because it has the capability of transferring energy bi-directionally between the harvester’s 

mechanical system (pendulum or disk) and the battery for either polarity of generator emf.  

This feature allows the bridge input to behave as any complex impedance, which can be 

modified by altering the duty cycle of the switches.  Changing the input reactance of the 

bridge allows the system resonant frequency to be modified and altering the real part of the 

bridge input impedance allows changes in the damping to be made.  Control of both of these 

quantities is necessary in order to maintain maximum power density of the harvester as sea 

conditions change.  

Detailed control models of the electronics were developed and a detailed optimisation 

procedure was developed for maximising the efficiency of power converters operating at the 

mW power level.  Operation of the H-bridge was shown to be able to modify the resonant 

frequency of the harvester ±20% from and this in-turn was shown to increase the effective 

bandwidth of the system by around 20%.  On a test rocking platform, the pendulum was 

shown to generate around 120 mW of power in a processed form, i.e. into a battery.  This is 

enough to power one of the low power radio modules and a GPS receiver in the case that 

emergency recovery of the craft is required.  

 

This work is the first demonstration of dynamically adjustable resonant frequency and 

damping of an energy harvester system using the power electronics interface and as such is 

the most compact and efficiency demonstration of harvester tuning demonstrated to date.  
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Energy Harvesting and Storage Europe, June 2011, Munich, Germany.  

• Mitcheson, PD, Energy Harvesting Technologies , Electronics, Sensors and 

Photonics KTN, Balancing the Instrumentation Power Budget, June 2011, London.  
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• Mitcheson, PD, Power Electronic Interfaces for Energy Harvesting Systems, 

Materials KTN, Intelligent Energy Harvesting Workshop, May 2011, Institute of 

Materials, London.  

• Mitcheson, PD, Next Generation Energy-Harvesting Electronics: A Holistic 

Approach, Energy Harvesting Network dissemination event, Savoy Place, London, 

February 2011.  
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