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ABSTRACT

Oceanographic sensor platforms provide biological and meteorological data to help understand changes
in marine environment and help to preserve it. Lagrangian drifters are autonomous passive floating
platforms used in climate research to obtain surface marine data. They are low-cost, versatile, easy-to-deploy
and can cover large extensions of the ocean when deployed in group. These deployments can last for years,
so one of the main design challenges is the autonomy of the drifter. Several energy harvesting (EH) sources
are being explored to reduce costs in battery replacement maintenance efforts such as solar panels. Drifters
must avoid the impact of the wind because this may compromise proper surface current tracking and
therefore, should ideally be mostly submerged. This interferes with the feasibility of solar harvesting, so
other EH sources are being explored such as the oscillatory movement of the drifter caused by ocean waves.
Wave energy converters (WEC) are the devices that turn this movement into energy.

The motion of the drifter can principally be described by 3 oscillatory degrees of freedom (DoF); surge,
heave and pitch. The heave motion includes the buoyancy’s response of the drifter, which can be explained
by a mass-spring-damping model. By including the wave’s hydrodynamic load in this model, it is converted
into a nonlinear system whose frequency response includes the wave’s frequency and the natural frequencies
from the linear system. A smart option to maximize the captured energy is to design the inner WEC with
a natural frequency similar to that of the driftet's movement. In this thesis, a 4 DoF model is obtained. This
model includes the heave, the surge and the pitch motion of the drifter in addition to the inner pendulum
motion relative to the buoy. Simultaneously, different pendulum-type WECs for small-size oceanic drifters
are proposed. One of these converters consists of an articulated double-pendulum arm with a proof mass
that generates energy through its relative motion with the buoy. Different experimental tests are carried
out, with a prototype below 10 cm in diameter and 300 g of total mass, proving the capability of harvesting
hundreds of microwatts in standard sea conditions

EH sources require an additional power management unit (PMU) to convert their variable output into a
constant and clean source to be able to feed the sensor electronics. PMUs should also ensure that the
maximum available energy is harvested with a maximum power point tracking (MPPT) algorithm. Some
sources, such as WECs, require fast MPPT as its output can show relatively rapid variations. However,
increasing the sampling rate may reduce the harvested energy. In this thesis, this trade-off is analyzed using
the resistor-based fractional open circuit voltage-MPPT technique, which is appropriate for low-power EH
sources. Several experiments carried out in matine environments demonstrate the need for increasing the
sampling rate. For this purpose, the use of a commercial PMU IC with additional low-power circuitry is
proposed. Three novel circuits with a sampling period of 60 ms are manufactured and experimentally
evaluated with a small-scale and low-power WEC. Results show that these configurations improve the
harvested energy by 26% in comparison to slow sampling rate configurations.

Finally, an EH-powered oceanographic monitoring system with a custom wave measuring algorithm is

designed. By using the energy collected by a small-size WEC, this system is capable of transmitting up to
22 messages per day containing data on its location and measured wave parameters.

Keywords: Lagrangian Drifter, Energy Harvesting, Wave Energy Converter, Power Management Unit,
Maximum Power Point Tracking, Fractional Open Circuit Voltage.
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RESUM

Les plataformes d’observacié oceanografiques integren sensors que proporcionen dades fisiques i
biogeoquimiques de l'ocea que ajuden a entendre canvis en l'entorn marl. Un exemple d’aquestes
plataformes son les boies de deriva (driffers), que sén dispositius autonoms i passius utilitzats en 'ambit de
la recerca climatica per obtenir dades in-situ de la superficie marina. Aquests instruments sén de baix cost,
versatils, facils de desplegar 1 poden cobrir grans superficies quan s’utilitzen en grup. L’autonomia és un
dels principals desafiaments en el disseny de driffers. Per tal d’evitar els costos en la substitucié de bateries,
s’estudien diferents fonts de captacié d’energia com per exemple la solar. Els drifters utilitzats per I'estudi
dels corrents marins superficials han d’evitar 'impacte directe del vent ja que afecta al correcte seguiment
de les corrents i, per tant, cal que estiguin majoritariament submergides. Aixo compromet la viabilitat de
lenergia solar, fet que requereix I'estudi d’altres fonts de captacié com el propi moviment de la boia causat
per les onades. Els convertidors d’energia de les onades (WEC, wave energy converters) compleixen aquesta
funcié.

El moviment dels drifters pot explicar-se basicament a través de 3 graus de llibertat oscil-latoris: la translacié
vertical i la horitzontal 1 el balanceig. La translacié vertical inclou la flotabilitat del dispositiu, que es pot
descriure mitjancant el model massa-molla-amortidor. Incloure la carrega hidrodinamica de 'onada en
aquest model el converteix en un sistema no lineal amb una resposta freqiiencial que inclou la de 'onada i
les naturals del sistema lineal. Una opcié per maximitzar I'energia captada és dissenyar el WEC amb una
freqiiencia natural similar a la del moviment de la boia. En aquesta tesis es proposa un model de 4 graus de
llibertat per a 'estudi del moviment del driffer. Aquest inclou els 3 graus de llibertat de la boia 1 el moviment
del péndul relatiu a ella. En paral-lel, es proposen diferents WEC del tipus pendular per driffers de reduides
dimensions. Un d’aquests WEC consisteix en un doble brag articulat amb massa flotant que genera energia
a través del seu moviment relatiu al driffer. S’han dut a terme diferents proves experimentals amb un prototip
inferior a 10 cm de diametre i 300 g de massa, les quals demostren la seva capacitat de captar centenars de
microwatts en condicions marines estandard.

Utlitzar fonts de captacié d’energia requereix incloure una unitat gestora de potencia (PMU, power
management unit) per tal de convertir la seva sortida variable en una font constant i neta que alimenti
Pelectronica dels sensors. Les PMU també tenen la funcidé d’assegurar que es recull la maxima energia
mitjangant un algoritme de seguiment del punt de maxima poténcia. Els WEC requereixen un seguiment
d’aquest punt rapid perque la seva sortida consta de variacions relativament rapides. Tanmateix, augmentar
la frequéncia de mostreig pot reduir energia captada. En aquesta tesi, s'analitza a fons aquesta trelacié
utilitzant la tecnica de seguiment de la tensio en circuit obert fraccionada basada en resistencies, que és molt
adequada per a fonts de baixa poténcia. Diversos experiments realitzats en el medi mar{ mostren la
necessitat d'augmentar la frequéncia de mostreig, aixi que es proposa 1'as de PMU comercials amb una
electronica addicional de baix consum. S’han fabricat tres circuits diferents amb un perfode de mostreig de
60 ms 1 s’han avaluat experimentalment en un WEC de reduides dimensions. Els resultats mostren que
aquestes configuracions milloren 'energia recollida en un 26% en comparacié a PMU amb mostreig més
lent.

Finalment, s’ha dissenyat un sistema autonom de monitoritzacié marina que inclou un algoritme de
mesura d'ones propi. Aquest sistema és capag de transmetre fins a 22 missatges al dia que contenen la seva
ubicacio i els parametres d'ona mesurats i que s’alimenta de l'energia recollida per un WEC de reduides
dimensions.
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Chapter 1
INTRODUCTION

1.1. Ocean Monitoring

Scientific community requirements related to oceanographic data availability are growing fast. Oceans and
seas must be monitored to preserve their biodiversity and to predict their evolution. This means that large
amounts of data from a very broad range of sensors must be acquired and delivered quickly. Nevertheless,
seas are vast and hostile territories where instrumentation needs to be placed. Engineers have to deal with
corrosion concerns, high tightness requirements and strong currents which can cause unquantifiable
damage to the equipment. For this reason, technology is evolving. The times of research vessels collecting
data from the ocean during extended periods are becoming unusual due to the vessel’s high-costs, low
availability and ability to only cover small areas. According to [1], recent advances in oceanographic theory,
instrumentation techniques and sensors have led to a new age of marine data collection.

As an example, ocean equipment is increasing its precision and achieving higher acquisition sampling
rates. Communication channels now allow for higher bandwidth data transfer, sometimes real-time
supported, so enormous amounts of raw data are generated and need to be processed. This means that
storage units are required to be moved into cloud server-based services with high processing resources.
Also, the analysis of this data has had to evolve and marine instrumentation is now equipped with embedded
processing software in order to transmit just the crucial parameters.

Additionally, politicians are taking note of these advances and society is aware of the importance of
monitoring the oceans. The European Commission invests in international projects that collect and
distribute marine data such as EMODnet (refer to [2]), an online network that freely offers marine data
products. Other initiatives, such as EMSO (refer to [3]), group a multidisciplinary network of European
seafloor observatories in order to offer a long-term real-time marine monitoring infrastructure. All this
amount of data, which comes from different sources and belongs to different scientific fields, need to be
merged so efforts in the standardization are also becoming a must. [4] is a great example of this.

One key point of this growth in oceanographic data acquisition and availability is the evolution of sensor
platforms. The scientific community now counts on an intelligent network of collecting devices distributed
around the world. A wide range of sensor platforms are available, from autonomous to cabled, or from
fixed to mobile and they can store the data or send it in real time. Some of these platforms are briefly
presented below

Underwater cabled observatories are unmanned platforms placed on a fixed site, normally allocated on
the seafloor, which contain an array of sensors and a command module. Thanks to the shore cable, these
platforms offer very high power and bandwidth availability and the possibility for long-term, real-time
deployments at a high sample rate. However, being fixed platforms, they can only effectively monitor a
small portion of the ocean. One example is the OBSEA Observatory, described in P.[5] and placed at 4 km
from the coast of Vilanova ila Geltrd, at 20 meters depth (Figure 1.a). Other cabled seafloor observatories
can be found around the European waters, some of them reported in [6]—[9].
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a) Cabled Observatories

=Db) Vioored:-buoys d) Lagrangian prifters

Figure 1. Oceanographic sensor platforms: (a) Cabled observatory - P.[5], (b) Moored buoy - [10] (c) Autonomous
underwater vehicle (AUV) - [13] and (d) Lagrangian Drifter - [17].

Moored buoys (Figure 1.b from [10]) are instrumented to measure both upper ocean and surface data.
Colum water analysis can also be performed. The cost of these units is relatively high but its power
availability is not a major constraint thanks to a set of photovoltaic (PV) panels (normally included). The
communication is commonly wireless, GSM-based or Satellite depending on the buoy’s location. For
example, in [11], GSM-based communication is used for near-coastal seismic data transfer. Others, like the
one presented in [12], use satellite based communication.

Autonomous underwater vehicles (AUVs - Figure 1.c) are unmanned moving platforms that measure
oceanographic parameters from the sea surface to the seafloor; e.g. article [13]. They sink for periods, collect
data and then come up to send the data using a satellite connection. They can cover large portions of the
ocean but they lack long-life autonomy. One specific application for these AUVs is the tracking of
underwater species using acoustic modems as done in [14]. The vertical position into the water column is
controlled in [15] by the buoyancy of the unit, inflating or deflating a ballast to sink or refloat. The horizontal
movement can be controlled by propellers or just with the wings, turning the vertical motion into forward
motion and thus expanding its autonomy. [10] reports an AUV moving forward with wings.

Lagrangian drifters (Figure 1.d - [17]) are small, low-cost, versatile and easy-to-deploy units that monitor
the ocean while passively following the surface current. Drifters do not offer high volume of data compared
to other platforms and its power availability is very low. Nevertheless, arrays of drifters can cover large
oceanic areas, sending regular data for long periods that can reach up to 2 years of deployment.
Consequently, the autonomy of these devices is crucial and this research work will contribute to this topic.

Platform Measuring point  Depl. & maint. cost Power availability Comm. Data volume
Cabled Obs. Seafloor — fixed Very high Very high Cablfﬁq—e Real Very high
Moored Buoys Water column — fixed High High ereless.— Near High
real time
AUV Sea-surface and. Medium Low erer-less - Low
underwater — mobie Limited
Wirerl -V
Lagrangian Drifters | Sea-surface — mobile Low Very low Irelririsi’fed ey Very low

Table 1. Qualitative comparison between some oceanographic sensor platforms.
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To sum up, different oceanic sensor platforms are used to monitor the sea. They are complementary and
each one fits into a different application. Table 1 qualitatively summarizes the differences between them.

1.2.  Lagrangian Drifters

Lagrangian drifters are oceanographic measuring platforms mainly used to monitor surface circulation
patterns. These are passive devices that follow the water flow without any propeller. Drifters help scientists
to better understand the complex dynamics of the ocean as well as biological phenomena such as
microorganism’s movements. Applications where these platforms can be used are diverse; climate research,
oil spill tracking, weather forecasting and search and rescue operations. Lately, drifters have found another
field of work; the calibration of HF radar and satellite measuring systems for sea surface parameters.

Drifters consist of a buoy and a drogue at a certain depth (see Figure 2); the buoy provides floatability
and the drogue is placed at the depth where the currents are to be studied, pushing the system forward.
The sizes of the buoy ranges from 10 to 50 centimeters in diameter and drogues can reach 15 m depth
such as in [18], [19]. Nevertheless, not all drifters are drogued. Some of them are designed to follow the
upper surface level of current flow. In this case, the design of the unit is very important. If the drifter aims
to follow the currents, the smallest buoy volume should be exposed to the wind. Yet, not all the buoy can
be submerged, the antenna should be above the water line to ensure the communication link. This buoyancy
trade-off must be considered in the design of the unit. In [20], [21], it was demonstrated that the downwind
“slip” (percentage of drifter motion caused by the wind force) is around 0.1% of the motion in drogued
drifters and 1% in undrogued drifters, which is quite significant.

In terms of communication, drifters are usually equipped with satellite based transmitting modules to
ensure oceanic coverage. For this purpose , Iridium-[22] is the most common system, although Argos-[23]
or Inmarsat-[24] are also used. In general, Iridium provides higher coverage and bandwidth while Argos is
cheaper and less power consuming. Argos can also estimate the position from the transmission (100 m
precision), so it can avoid the necessity for the GPS if no high precision is required. GSM communication
is another option when the deployment is near the coast line; e.g. in [25]. In terms of energy, drifters are
powered with batteries placed at the lower hemisphere of the buoy to stabilize its pendulum movement and
to ensure that the antenna is always facing upwards. These batteries are normally rechargeable lithium-based
cell packs that allow an autonomy ranging from a few hours to a couple of years. The autonomy of the
drifter will be further analyzed in the next section.

The National Organization and Atmospheric Administration, NOAA, is an American institution that
created the Global Drifter Array, online available at [26]. This program includes more than 1200 active units
deployed world-wide and it normalizes the drifters’ standards. The Surface Velocity Program (SVP - [27])
drifter is the most common one. It is a spherical buoy of 35 cm of diameter with a drogue placed at 15
meters (distance from the water line to the middle of the drogue). The SVP units uses Iridium

Buoy

‘\\9 | Drogue

Figure 2. CARTHE drifter (by Pacific Gyre) reported in [29], including the buoy and a small-size drogue.
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communications and are equipped with a near-surface temperature sensor. Several other devices evolved
from the SVP; e SVP-§, with a salinity sensor, the SVP-B, for near surface air pressure studies and the Mini-
Med, with a speed and direction wind sensor. In order to carry out current measurements at coastal zones
the Coastal Ocean Dynamics Experiment (CODE - [28]) drifter was developed. It is a shorter unit, with a
1,5-meter drogue, that can reach shallow waters. The characteristics are quite similar to the SVP drifter and
it may incorporate an inertial measurement unit (IMU) to determine the wave spectra. This platform
evolved into the CARTHE drifter [29] (Figure 2), much smaller than CODE and biodegradable shaped.
Finally, a family of undrogued drifters were set for directional wave spectra (DWS) analysis. These DWS
units do not have drogue and are spherically shaped with a diameter of 35 cm. Apart from GPS, the sensors
incorporated on them are near-surface temperature sensor and an IMU for wave spectra calculation.

The Multi-putpose/Multi-sensor Extra Light Oceanography Apparatus (MELOA) is an H2020 EC-
funded project that is developing a new family of drifters called WAVY drifters. These units are low-cost,
easy-to-handle, wave resilient, multi-purpose, multi-sensor and extra light and they are designed to work in
all water environments; from deep-sea to inland waters, including coastal areas, river plumes and surf zones.
The main objective can be read in [30]: “Innovate the current market of in-situ measnurement systems for marine
environments, by providing a low-cost and easy-to-handle solution for in-situ water related data acquisition, in the form of the
WAVY drifters family of products”. The MELOA consortium is composed of technology-driven organizations
and institutions from Portugal (Deimos Group, Instituto Hidrografico, ISR, OceanScan, Composite Solutions and

Communicatio

Company Name Sensors Shape Autonomy EH
@ =40cm, h =60 cm, 3 months @
Carthe [29] GPS Globalstar P = 4kg Ti = 5 min -
Pacific Gyre _ _
(USA [31])  Microstar [32] ~ GPS, T rdium @ =406 R =122EM 45 onths -
P=45kg
GPS, T, B, - 1-2years @
SVP [27] W Iridium Stdm SVP Ti =1 hour -
SofarOcean Spoondrift GPS, IMU, . h=36cm,a=b=42 Unlimited @
(USA [17]) (38] T, W el cm, P =54kg Ti = 1-2 hour x2 WPV
. Anteia GPS, IMU GSM or Iridium @ = 60 cm, P = 26 kg, n/a n/a PV
Zunibal
(ES 133D ZGT GPS ridium 2= 22¢m h=18 cm, n/a 17 W PV
P=13kg
VoyagerV3  GPS, T ridiom @725 cm = 06 cm, 300 days @ 1 = 3 }
Fastwave P= g ours
(AUS [34]) @ =31cm, h=68cm, Unlimited @ Ti =
Voyager Solar GPS, T Iridium P=67 kg 3 hours 2,8 WPV
CODE/DAVIS  GPS, T Iridium or Stdm CODE 3-12 months -
Argos
MetOcean iSVP GPS, T, B Iridi @ =40 P =18k 18 th
(USA [35)) i T, ridium =40cm, P = g months -
iISPHERE GPS, T Iridium @ =34cm, P =13,15kg 6-12 months -
QuinetiQ L o _ _
(USA [36)) Riverine [37] GPS, T, D Iridium @ =15cm, P = 1.8 kg 24 hours
GPS, T, _ _ 3-4 months @
WAVY Ocean IMU Argos @ =20cm, P=35kg Ti = 20 min 0.6 W PV
MELOA .
(EU [30]) WAVY Littoral  GPS, IMU GSM @ =12cm, P =0.75 kg n/a -
WAVY Basics GPS, T GSM @ =10cm, P = 0.4 kg n/a -

Table 2. Drifter compilation. T = Near Surface Sea Temperature, B = Near Surface Atmospheric Pressure, W = Wind
Speed and Velocity, GPS = Position, IMU = Inertial Measurement Unit, Stdm = Standard Measure, D = Single Beam

Depth Sensor, P = Weight, @ = Diameter, h = Height, Ti = Transmission Interval, EH = Energy Harvesting.
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INESCTEC), Ireland (B/ueWise Marine), France (CLS) and Spain (Universitat Politéctinca de Catalunya), and is
one of the economic umbrellas and use case scenario of this thesis.

Table 2 summarizes some of the commercial drifter products that can be found in the market. It shows
the possible sensors that a drifter can carry, the different shapes used for the drifter shell and the potential
communication systems. The MELOA consortium has designed a family of drifters that have turned out
to be among the smallest in the market. The WAVY Ocean (WO) is suitable for open sea long-term studies,
the WAVY Littoral (WL) for coastal short-term studies and the WAVY Basics for very specific few-hour
deployments. These units will be used throughout this thesis for different purposes.

SofarOcean ([38] reported in Table 2) is a successful American company that sells oceanographic sensors
and data services. This company has an array of over one thousand drifters deployed worldwide transmitting
marine data hourly. One of these units was deployed back on 2018, it has travelled over 6500 kilometers
and is still transmitting. This drifter demonstrates the unlimited life span capability of SofarOcean products.

1.3.  Drifter Autonomy

According to [18], power autonomy is one of the main challenges in the evolution of drifters. Turning
them into autonomous sensor (AS) nodes can only be achieved by drastically reducing their consumption
and adding some type of energy harvesting (EH) system to exploit the environment energy sources. Both
concepts are analyzed further in this section.

On the one hand, AS nodes mainly include the microcontroller (uC), the transmission module (Tx), the
GPS system and the sensors (Figure 3). A significant part of their consumption comes from the
transmission. To reduce it, keeping a low duty-cycle is crucial. The node should remain asleep at very low
consumption levels and sporadically wake up, acquire data and transmit it. The power levels of several
recently published AS nodes are summarized in [39], where common duty-cycles below 1%, sleep
consumptions between 0.5 and 50 uW and average powers between 0.1 and 0.2 mW are reported. In the
case of drifters, as reported in Table 2, manufacturers use transmission intervals of over one hour to
successfully achieve unlimited autonomy (|34] and [38]). Applications that require a higher data rate (such
as [30]) do not reach this level even though incorporating EH methods.

On the other hand, a reliable and long-lasting power source is needed to achieve long deployments and
to avoid the cost and inconvenience associated with recharging batteries in the middle of the oceans. EH
systems have proven to be a reasonably good option to feed AS nodes. Drifter manufacturers tend to use
the sun’s irradiation. By including PV panels around the drifters’ shell, unlimited lifespan can be achieved
at some low transmitting interval and favorable solar conditions. As an example, Spoondrift ([38] reported
in Table 2) incorporates 2 solar panels of 5 watts each, which is enough to measure, unlimitedly, the
directional wave spectra at a sampling rate of 2.5 Hz and a transmission interval of 1 hour. Fastwave
designed the Voyager Solar Drifter ([34] reported in Table 2) with 2.8 Watt of PV, enough to transmit
unlimitedly the position and the sea surface temperature every three hours. The WO from MELOA ([30]

= —
-I [ Load -
EH Source ° @
| PMU | NODE |
Storage
|- WEC MPPT Mol Voltage Suppl | > pc T
T * I Sensors GPS I
| ESE | —
[m)
BAT
EH System _I
— AS node
e—

Figure 3. General structure of an Autonomous Sensor (AS) node powered by a wave energy converter (WEC).
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reported in Table 2) is also designed to capture the energy from the sun including a PV array of 4 flexible
of 150 mW each. Using a transmission interval of 20 minutes, it reaches up to 4 months of autonomy.

If the drifter is solely dedicated to current monitoring, its body should be mostly submerged to avoid the
wind affecting its drifting path. The irradiation at the panels would then be greatly attenuated by the water
column. Furthermore, solar irradiation could be very low in some oceanic regions during some periods of
the year. Biofouling may also grow around drifter’s body, reducing further the effectiveness of the PV. For
all of these reasons, other energy sources may be explored such as the oscillatory movement of waves. A
hybrid EH system could harvest energy from calm sunny days but also from rough and cloudy days. There
are no commercial drifters that incorporate other EH sources other than PV, so this thesis addresses this
need.

Whether having one or multiple EH systems to expand the drifter’s autonomy, an additional power
management unit (PMU) is required in order to adapt the low-voltage and random nature of the EH source
to a constant and clean output to feed the node. Also, PMUs should manage the possible mismatch of
energy between the source and the load by including an energy storage element (ESE) where energy could
be stored or dispatched as required. A third function of the PMU is the maximum power point tracking
(MPPT) to ensure that the maximum available energy is harvested continuously. As the environmental
conditions may change, the PMU should ensure that the maximum power point (MPP) is achieved by
continuously tracking the EH operation point. Some sources require a fast tracking of this MPP as its
operation point may vary on the order of above 1 Hz. Wind energy harvester (WEH) or wave energy
converters (WEC) are some examples of this necessity. [40] and P.[41] present a WEH and a WEC
respectively, each with an output voltage oscillating at around 1.8 Hz; this is fast-varying compared to other
types of EH sources such as PV devices. Further, in P.[42], we demonstrated that, by reducing the MPPT
period in a WEC oscillating at 2 Hz, the harvested energy can improve by up to 25%. Figure 3 presents the
general structure of an EH system powering an AS node such as a drifter.

Several companies offer PMU ICs with MPPT functionalities that are compact solutions for very low-
power EH applications. These modules can work with multiple EH sources at a relatively low input voltage.
The BQ25504/5 (Texas Instruments) and the ADP5091/2 (Analog Devices) are two of the most widely used
devices. However, these PMU are designed for slow-varying EH sources like PV and its MPP update rate
is fixed and too slow for some other applications. There is a lack of PMU circuits with MPPT capabilities
suitable for fast-varying EH sources such as WEC. This thesis makes a contribution to this need.

1.4.  Objectives

The need for ocean monitoring increases the importance of developing new low-cost and low-power
instrumentation capable of covering large oceanic regions for long periods of time. Drifters are sensor
platforms that can effectively provide superficial marine data continuously with low maintenance.
Therefore, autonomy is crucial in order to guarantee long deployments reaching up to several years of
operation. Many companies incorporate solar panels although they are not the definitive solution for the
drifter's autonomy problems. Scavenging the energy of the drifter’s motion may be a potential alternative
that has not been deeply studied. For this purpose, the dynamics of the drifter under the wave excitation
must be studied as well as the potential mechanisms for the mechanical-to-electric energy conversion.

Using an EH source to expand the drifter’s autonomy requires including a PMU to fulfill the
functionalities of the DC-DC conversion and control of power flow between the EH source, the ESE and
the LOAD, depending on the available harvested power, the load requirements, and the charge state of the
ESE. The PMU should also perform the MPPT to ensure a maximum energy extraction from the source.
Fast-varying sources like the kinetic energy of the drifter call for the adaptation of the MPPT algorithms
such as speeding up the update-rate of the MPP reference. Commercial PMUs do not contemplate these
requirements.
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The objective of this thesis is to contribute to the design of wave energy converter systems in
order to increase the autonomy of drifters, or to work as an unlimited back-up battery for
recovering the unit. In order to achieve this goal, four specific objectives are defined.

Objective 1. Optimize the WEC systems to increase the harvested power while reducing
its volume to fit in small-size oceanographic drifters.

e Objective 2. Increase the energy extraction efficiency of PMUs by adapting the MPPT
algorithms to fast-varying EH source such as the kinetic drifters’ motion.

¢ Objective 3. Contribute to the design of low-cost, low-power and EH-powered marine
instrumentation to monitor ocean surface parameters on long-term deployments.

e Objective 4. Demonstrate the contributions made to EH systems for drifters by
performing field tests in different marine environments.

1.5. Thesis Contributions

Throughout this thesis, different contributions are presented that meet the stated objectives. These
contributions were also reported in our different articles, some of them included in appendix A.1 — A.6. To
easily differentiate our articles from the rest of the references, they are cited using a prefix P; e.g. P.[60]
refers to the article “Electromagnetic Rolling Mass Wave Energy Harvester for Oceanie Drifter Applications”.

Although this thesis is carried out within the Electronic Engineering doctoral program, it contributes to
the WEC systems and thus, to expand the drifters” autonomy from both a mechanical and electronical
perspective. Having said this, major contributions have been made in regards to Objective 2, having a clear
electronical fit.

> Regarding Objective 1, this thesis studies the wave-drifter interaction and provides a model that
describes the motion of the drifter under common swell conditions. This model also includes the motion
of an inner single pendulum with the perspective of its parametric excitation as a WEC, which is a novel
approach. Simulated and experimental observations are also provided. Several small-scale low-power WEC
designs are proposed with different testing status reaching up to experimental sea tests. Up to a few useful
milliwatts are reached on average in the experimental tests, which would be enough to feed an ultra-low
power ocean monitoring sensor.

Articles contributing to this objective: A.1 — P.[60], A.2 — P.[59], A.5 — P.[58] and A.6 — P.[57].

> This thesis demonstrates the necessity of improving the cutrent PMU in terms of speeding up the
sampling rate of its MPPT algorithms for fast-varying EH sources. Several techniques and circuits are
proposed, one of them being a novel MPPT method which, to the best of the authors' knowledge, has not
previously been reported. Experimental results show a 26 % improvement in the harvested power using
the optimized PMU with respect to the commercial references, fulfilling Objective 2.

Articles contributing to this objective: A.2 — P.[59] and A.3 — P.[42].
> In terms of Objective 3, an algorithm to estimate several wave parameters from a buoy’s vertical
acceleration using very low power and computational resources is designed. An ultra-low power module,
including a microcontroller, a 3-axis accelerometer, a GPS and an antenna, deployed in a mooring buoy and
fed by a small-scale WEC demonstrates its long-term capability to properly monitor waves.

Articles contributing to this objective: A.4 — P.[130].

>  Experimental tests carried out within this thesis include using a long-stroke lineal shaker emulating
the driftet’s surge motion, using a KUKA robotic arm to emulate the 6 DoF of a drifter under real
conditions, deploying units on a wave flume with regular and irregular wave conditions and testing the
different designs in open sea. All these tests fulfill Objective 4.
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Articles contributing to this objective: A.1 — P.[60], A.2 — P.[59], A.3 — P.[42], A.4 — P.[130], A.5 —
P.[58] and A.6 — P.[57].

1.6. Resources and Funding

This thesis was funded by the Secretary of Universities and Research of the Department of Companies
and Knowledge of the Generalitat de Catalunya in the FI program (ref. BDNS 362582). The research was
also supported by the project MELOA from the European Commission’s Horizon 2020 Research and
Innovation Program under Grant Agreement no. 776280 and by the Spanish Ministry of Economy and
Competitiveness and the European Regional Development Fund under Project TEC2016-76991-P.

The project was done at the Universitat Politecnica de Catalunya (UPC), specifically in the SARTT and e-
CAT facilities. The facilities of LIM-UPC wave flume were also used for some of the experimental
validations. During the course of this thesis, two international stays were carried out; the first one at the
University of Birmingham with Professor Panagiotis Alevras and the second one at the Imperial College of
London with Professor Andrew Holmes.

This research work also received funding to cover the transnational access collaboration between the
University Collage of Cork, the Tyndall National Institute and the Universitat Politecnica de Catalunya by
the European Commission’s Horizon 2020 - EnABLES Project under the Grant Agreement No.730957.

Orcina kindly provided the academic license of OrcaFlex under the number N2703 (2022) for the
simulations of the drifter’s motion under different wave environments, useful for the design of the WECs.

1.7. Content Structure

This thesis is structured as follows:

» Chapter 2 contains the study of the drifter motion under wave excitation, including the
description of the wave kinematics and the drifter-water interaction. A general overview of small-
scale, low-power WEC for oceanic sensor platforms is given with special attention to the
pendulum converters and its parametric excitation. A summary of the proposed small-size WEC
is finally given, including the design, manufacturing and experimental results.

» Chapter 3 describes the PMU main functionalities and presents several commertcial boards and
reported works for low-power EH applications. Second, the focus is on analyzing the MPPT
methods for fast-varying EH sources with special attention to the fractional open circuit voltage
(FOCV) technique. The proposed circuits for increasing the sampling rate on FOCV-MPPT are
finally presented.

» Chapter 4 analyzes the consumption of different low-power oceanographic monitoring systems
and the feasibility of powering them with small-scale WEC. A wave monitoring system based on
a low-power wide area network (LPWAN) system is proposed for coastal moored buoys.

» Chapter 5 includes the conclusions and future lines of research.

Additionally, in appendix A a copy of the publications included in this article-based thesis can be found.
It is worth noting that not all the publications resulting from the work of this thesis have been included. A
complete list of the publications is listed in the Publications Section after section 5.
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Chapter 2

HARVESTING ENERGY FROM THE
DRIFTER’S MOTION

2.1. Drifter Motion under Wave Excitation

2.1.1. Wave Kinematics

Sea surface heights change over time under the influence of waves. These may range from long-period to
short-period waves. The first are caused by gravitational forces, such as tidal waves. The second are known
as wind waves and are caused by the wind’s drag on the sea surface. Wind waves start with small height and
short wavelength and grow as a function of wind strength and duration.

There are several approaches to describe the motion of the sea surface under the influence of wind waves.
The simplest one, known as the linear wave theory (Airy in [43]), assumes the water surface as a regular
sinusoidal periodic wave propagating in one single direction. Flatter valleys and peaked crests (typically seen
in shallow coastal waters with relatively high waves) are not considered.

Airy’s model is used in many engineering problems as it provides a satisfactory result for wave
characterization. This model is based on several assumptions, the most important being the homogeneity
and incompressibility of the fluid, the neglection of the surface tensions and Coriolis effect, the non-
viscosity and just one single direction of propagation (2D). In Airy’s theory, progressive waves are
represented as a sinusoidal function with its phase being a combination of the horizontal position (y) and
time (t). Waves are characterized by their amplitude (H/2), the wavelength (L) and the wave period (1), all
described in Figure 4 (regular and irregular sea shown). As a result, the sea surface elevation (zp) is

H 21 21
zp(,t) = Scos(~y—— 1) @

Spatial series Time series FFT

/-x/*\ N |
v \/ \/ t f(Hz)
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Figure 4. Spatial and time series of both regular and irregular sea surface elevations (zp), where the Still Water Level
(SWL) is shown together with the single wave length (L), wave height (H) and wave period (T).
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Airy’s model defines three regions depending on the seas’ depth; shallow water (nearshore), transitional
water and deep water. In all three regions, the water particle describes closed orbits for each period.
However, in shallow and transitional waters, these orbits are elliptical while in deep water they are circular
(marked in brown in Figure 4). Particle velocities, accelerations and other wave’s kinematics can be obtained
using Airy’s model and all are fully described in [44].

However, the sea surface elevation is hardly regular and is composed of waves of different heights and
periods such as the second profile shown in Figure 4. Because of this, the term of irregular waves is used
to denote natural sea states in which the wave characteristics are expected to have statistical variability in
contrast to the linear wave theory.

Wave parameters can be estimated for irregular seas by evaluating the time series of the sea surface
elevation for a single point. The zero-upcrossing technique [44] uses the Still Water Level (SWL) reference
from the time series data to obtain the height (H) and period (T) of each single wave, as represented in
Figure 4. The SWL is the sea surface level in the absence of wind and waves. Then, multiple common
parameters can be obtained such as Hs, which is the mean height of the third highest waves in the record,
and T3, which is the corresponding mean period. The maximum wave height (Hmay) is the largest measured
wave in the record.

Time series analysis may be a little daunting and not all the measuring devices have the technology to
directly measure the surface’s displacement. By measuring other wave related properties such as pressure
and applying the spectral analysis described in [45], the wave parameters can also be obtained. This analysis
provides the frequency domain wave parameters by using the Fast Fourier Transform (FFT) of the sea
elevation. The resulting FFT energy moments (mg, k = 0,1,2, ... defined in [44]) are used to obtain the wave
parameters, the widest known being the significant wave height (Hmo) and the significant wave period (Ty,,)
defined as (2) and (3) respectively. To provide a complete analysis of a real sea state both approaches (zero-
crossing and spectral) must be considered.

Hpo =4 xmyg 2)

T2 = y/mo/m; 3

There are several models that describe irregular sea using the spectra. The Ochi-Hubble (O-H), first
presented in [46], is one of the most widely used. It allows to describe the sea surface elevation including
the remotely generated swells and the local wind seas. O-H uses up two six combined waves with different
frequency and height weighted with a specific coefficient each (A, 7 =1-6). This model and others to describe
the wave’s particle motion are fully described in [44].

2.1.2. Drifter-Water Interaction

Understanding the interaction between the drifter and the water load is essential in order to properly
design an EH converter collecting energy from sea waves. For the sake of simplicity, a spherical buoy is
assumed with its center of mass (O) displaced H from the geometric center (Q), providing vertical stability.
An accurate model for a spherical unmoored buoy should then include 6 degrees of freedom (DoF) (relative
to the Earth); three of them correspond to translations (heave, surge and sway) and three of them
corresponding to the rotations (pitch, yaw and roll). However, the model can be simplified to a planar
motion by aligning the wave’s propagation to Y axis. This simplification is justified by considering the
buoy’s motion aligned to the wave’s propagation direction after a short transitory. Further, the buoy’s
symmetry along Z axis neglects the sway motion. Therefore, the model can be simplified to 2D with 3 DokF;
surge, heave and pitch (y, Z, P defined in Figure 5).

If the floating object is much smaller than the wavelength (L), it follows the circular path of the surface
particle described with a dashed brown line in Figure 4. Then, both surge and heave can be described with

10
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Z (always vertical)

(wave propagation)

R: Drifter radius —_—
M: Drifter mass |Q0| =H
Io: Drifter moment of inertia

Figure 5. Free-floating buoy kinematics, physical parameters and local and general coordinates. Y stands for the surge,
Z for the heave and 1 for the pitch.

an oscillatory path. The surge has also a superimposed drift generated by the horizontal particle
displacement [47]. The heave includes the buoyancy response of the floating body that can be described
with a mass-spring-damping model. This model has been thoroughly studied for moored [48], [49] and
unmootred [47], [50] buoys under the influence of wave’s loads. The pitch is also oscillatory due to the
asymmetry of the displacement of O from Q that generates the rotation torque.

Apart from the weight and the buoyancy, the floating buoy is subject to external forces and torques
induced by the waves action. These hydrodynamic loads can be described with Morison’s equations, fully
analyzed in [51]. Morison formulates the total wave force applied to the buoy as a sum of the added mass
effect, caused by the acceleration of the surrounding water, and the drag effect of the relative velocity
between the buoy and the surrounding fluid. As discussed in [50], including these loads in the mass-spring-
damping model adds variable terms to the acceleration and velocity coefficients and turns it to a strongly
nonlinear system. Therefore, the oscillatory response of the buoy will not only include the wave’s frequency
and the natural frequencies from the linear system, but many other frequencies according to its nonlinearity

[52].

Analytical Model

Within the development of this thesis, we developed and validated in P.[53] the motion model of a
floating, spherical, unmoored, small-size buoy using Lagrange formulation. Following Figure 5
nomenclature and reference system, the equations of motion are:

M 0 MH cos y F, + MHY? siny
0 M MHsin Hz] =1{F, — Mg — MHy? cosy €I
—M(R —Hcosy) MHsiny Iy+MH(H —Rcosy)l\y —MH(RY? + g) siny

where M, Ip and R are the buoy’s mass, moment of inertia and radius respectively and H is the distance
between O and Q. F, and F; are the horizontal and vertical hydrodynamic forces respectively that can be
obtained using Morison as

1
E, = EPCDAy(ny - y)lvfy - 5’| + PVsupCuVsy 5)

1
F, = EPCDAz(Ufz - z)|vfz — 2|+ pVsyp(g + CuVrz) ®

11
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p stands for the fluid density, Cp and Cy are the drag and inertia coefficients respectively (Cp=0.47 and
Cwm=1.5 for spheres [50]) and A7y ate the vertical and horizontal areas projected to the corresponding axis
for the instantaneous submerged volume, that is [“sys. Note that those areas and that volume are not
constant. Finally, the vertical and horizontal velocity of the surrounding fluid are Vs, and v¢, respectively
and can both be obtained with Airy (both expressions are defined in Figure 1I-1-9 from reference [44]).
For this model, the torque resulting from the hydrodynamic forces is neglected due to the small size of the
buoy and the small distance H. We have validated this model for both regular and irregular sea states in
deep ocean areas; results are presented in P.[54].

By linearizing the system composed by (4), (5) and (6), the vertical coordinate is decoupled from the rest
and its natural frequency is calculated as (7). This equation is in concordance with that obtained in [50]
from a different approach of a free-floating spherical drifter’s model. The two remaining DoF (y, 1[)) turn
out to be coupled. As a result of uncoupling them, one natural coordinate oscillates proportionally to
and the other is a linear combination of ¥ and ¥ and has a frequency of 0. Therefore, the natural frequency

of Y and also ¥ can be obtained as (8).

1 npg(R? — zy?)
f2=5= 7
P M+ TP 2R3 + 3R?2, — 259 *
1 |MHg
L g
fo=5- s ¢

where z is the distance from the SWL to the geometric center in still conditions and the term added to M
in the denominator of f; corresponds to the buoy's hydrodynamic mass. We deduced this hydrodynamic
mass equation and how it participates with f7 in P.[55]. If these natural frequencies are close to the excitation
frequency, a resonant response that amplifies the oscillatory amplitude may be found. That may be
beneficial for EH purposes and many studies try to tune this physical parameters to maximize the energy
extraction, as investigated in [56]. Nevertheless, that may also worsen the performance of the transmission,
some sensor functionality or the GPS accuracy due to the non-vertical alighment of the drifter.

Numerical Simulation

Commercial software also allows the possibility of simulating a free-floating body under the effect of wave
loads. OtrcaFlex (Oreina) is the wortld’s leading package for dynamic analysis of offshore marine systems.
During this thesis and with the objective of better understanding the drifter’s motion under different wave
excitation, different free-floating buoys were modeled and simulated. Results helped to better design small-
size WEC to harvest energy from different ocean waves conditions at drifters, and they can be found in
P.[55], [57]-[61].

Specifically, we modelled an oceanic drifter in P.[60] using 25 stacked, flat cylinders of different diameter
resulting in the following physical parameters; R = 0.1 m, M = 3.7 kg, H = 0.02 m, Iy = 9:10-% kg/m? and
zo = 0.053 m. The drifter emulates the WO from MELOA ([30] reported in Table 2). Sea elevation (zp) was
modelled using O-H wave spectra with just one predominant frequency; Hmo = 0.5 m, fm2 = 0.2 Hz and A
= 1. 40-seconds simulation results are shown in Figure 6, where the zp is in blue, ¥ in orange, Z in purple
and 1[) in green. Results are taken at O of the drifter. The sea elevation is presented in the first pair of plots
of Figure 6, with the common frequency distribution of O-H wave spectra around the main modal
frequency (fm2) of 0.2 Hz. The non-linear response of the drifter is consistent with the non-linarites expected
on a body under wave influence [44], founding many other frequencies at each DOF response. Z has a
dominant frequency of 0.92 Hz, nearly matching f; = 1.01 Hz calculated from (7), with a maximum peak-

to-peak amplitude of 0.5 g (time signal) and a mean value of 1 g due to the drifter’s gravitational load. )
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Figure 6. Simulated WO’s heave and sutge accelerations (Z, J), pitch rotation (l[)) and their respective PSD when
placed in waters (zp— elevation) with a significant wave height (Hpo) of 0.5 m and 0.2 Hz of O-H modal frequency (£.2)-
The natural frequencies f7 and f, obtained from the analytical model are marked in red.

has a predominant frequency of 1.25 Hz, similar to fy, = 1.42 Hz calculated from (8), and a maximum
peak-to-peak amplitude of 10 rad/s (time signal). A harmonic of fy, appears clearly in the power spectral
density (PSD) of Z , presenting a peak at 2.5 Hz. y has a dominant frequency of 1.25 Hz with a maximum

peak-to-peak amplitude of the time signal of 1.1 g. This frequency matches the simulated fy, due to the
coupling of both DoF.

Experimental Observations

The drifter motion has also been studied within this thesis with the performance of several experimental
tests. In the following lines, a brief summary of these tests is detailed. First, a horizontal long-stroke shaker
with a WO drifter firmly mounted to the moving platform (Figure 7.a) was used to emulate the surge of a
free-floating buoy. The objective was to assist the design of a WEC and characterize its energy output. We
reported the results in P.[59]. Second, a robotic arm from KUKA [62] (Figure 7.b) was used emulating the

Figure 7. Experimental tests of the drifter motion under the waves excitation; a) Long-stroke shaker, b) KUKA robotic
arm, c) LIM wave flume, d) Controlled sea area e¢) 3D model of a WO with ring, f) WO manufactured with rings.
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3 DoF of an oceanic drifter under common swell conditions. The robot was controlled with the resulting
vectors from an OrcaFlex simulation. The objective there was to define the potential energy that a WEC
can harvest from a drifter, and we reported the results in P.[63]. Third, a wave flume emulating a real ocean
scenario was used to determine the possible effect of a moving pendulum-type WEC on the wave parameter
estimation at a WO. We summarized the results in P.[55]. The channel (Figure 7.c) is 100 m long, 3 m wide,
and up to 7 m deep and capable of reproducing wave heights up to 1.6. Finally, several WL and WO (Table
2) drifters were deployed in monitored sea waters with embedded inertial measurement units (IMU) to
experimentally analyze their motion (Figure 7.d) and how they can be harvested with a WEC under design.
We reported these results in publications P.[58], [59], [64].

Some of the experimental results we obtained in P.[58] are reported in Figure 8 with the aim of comparing
them with those previously presented in Figure 6 (simulated). In this occasion, a WO was deployed in a
monitored sea area with incident waves composed of a Hyo of 0.49 m and a Thnz of 2.67 s, both measured
with an acoustic doppler current profiler (ADCP). Figure 8 presents the heave and sutge accelerations (Z,
¥), the pitch rotation ) and their respective PSD measured with an IMU embedded in the WO’s point
O. From the time domain results, one may incur similar oscillatory behaviour with good agreement on the
vectors peak-to-peak amplitudes, to that obtained from the numerical simulation. From the frequency

domain results, predominant frequencies close to fz and fy, are observed.

In both Figure 6 and Figure 8, the natural frequencies f7 and fy, obtained with equations (7) and (8) from
our analytical model are represented in red. The aim is to compare the results obtained using the analytical
model, the numerical simulation and the experimental test. Small differences may come from a non-accurate
modelling of the sea state or from differences on the drifter model and the deployed WO. Notice the exact
parameters of the drifter as the center of mass position are difficult to incut.

The mobility of the buoy may be a potential field of study to maximize the energy extraction, as previously
mentioned. Even with this, communication problems may arise due to a high pitch oscillation generating a
non-vertically alighed antenna affected by the surrounding water. DWS drifters equipped with IMU and
dedicated to the wave parameters estimation may also find significant problems with high pitch oscillations.
Mixing the drifter’s local axis worsens the reconstruction of the sea surface elevation and thus the estimation
of the wave parameters. To solve this issue, this work with the collaboration of the MELOA consortium
changed the spherical design of the WO drifters adding an outer ring that minimized the rotation oscillation
(Figure 7.e and Figure 7.f). This ring increases the hydrodynamic friction applied to the drifter and reduces
the high frequency components of his pitch spectrum. Data from a deployment using WO drifters with
different outer ring sizes can be found open in the MELOA catalogue in [65] and the detailed analysis of
the results will be included in the project final report in [66], not yet published.

)
S}

¥ (g-acc)

z (g-acc)

¢ (rad/s)

- ]
0 5 10 15 20 25 30 35 40 0 0.5 1 fw 1.5 2 25 3

Time domain (s) Frequency domain (Hz)

Figure 8. Experimental WO’s heave and surge accelerations (Z, y), pitch rotation (l[)) and their respective PSD when
placed in monitored sea waters with a Hy,o of 0.5 m and a Ti,; of 2.67s. The natural frequencies f; and f:p obtained from
the analytical model are marked in red.
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2.2. Harvesting Energy from Ocean Waves

2.2.1. Related Works

Thorner et al. defined in [67] different EH techniques specific to marine environment. Mainly, marine
soutces can be classified as Non-kinetic Energy (Solar, Salinity gradient and Thermal) and Kinetic Energy
(Wind, Current, Tidal and Waves). This work focuses the attention on EH techniques capturing energy
from surface waves, potentially useful in harvesting the drifter’s oscillation.

An exhaustive report of WEC systems is presented in [68], where many large structures, either coastal or
off-shore based, are presented. E.g., the oscillating water column converter (The Limped [69]) or the
overtopping WEC (Wave Dragon [70]), both relying on a robust anchor system to generate power, or the
surface buoyancy generator (The Heaving Buoy [71]), which harvest energy from the relative motion of
two or more floating bodies. Small-size floating drifters could not apply this kind of techniques so inertial-
based EH systems, classified into pendulum and gyroscope (Table 1 in [67]), are the remaining solution.
Both systems, shown in Figure 9, derive electrical power by the relative movement of an inner proof mass
mounted in a frame which is excited by the external load (waves). Furthermore, according to [71], the most
suitable mechanical-to-electrical transducer for inertial EH are electromagnetic and piezoelectric devices.

L,

<« VA
= b

Figure 9. Inertial EH converters from sea motion; (a) pendulum and (b) gyroscope. Source: [67]

Pendulum WEC

A pendulum-type WEC was studied in [72] by researchers from Politecnico di Torino. It consists of a simple
pendulum attached to the frame of a mooring buoy and driving an electrical generator. The pendulum’s
motion equation was obtained using Lagrange’s approach, and the average power when exciting the buoy
with regular waves estimated. This power mainly depends on the pendulum’s mass and length, the distance
from the buoy’s geometric center and the pendulum’s axis, the waves frequency and the buoy pitch
amplitude. A relatively large size prototype was fabricated (0.9 m - 410 kg) and tested on a reduced wave
tank (2.2 s waves) reporting an average power of around 20 W.

Ding et al. from X7'an Jaotong University have reported several works attempting to design pendulum-type
WEC for marine platforms such as underwater gliders [73] or submerged mooring buoys [74]. In the first
test, an eccentric pendulum was attached to the rotor of an AC generator. In the second work, they took
advantage of a horizontal pendulum to achieve complete turns on a DC generator (Figure 10.a). Both
medium size and weight systems (1500 cm3 - 5 kg) were tested on a Stewart platform at the laboratory
emulating fast waves (1.3 s) and reporting an average power production of hundreds of milliwatts.

The same idea of a horizontal pendulum-type WEC was used in [75] for mooring buoys (Figure 10.b).
The proof mass oscillates around a vertical axis articulated to a gearbox that drives the electrical generator.
Simulation results of a medium size pendulum (0.2 m — 20 kg) are presented with an estimated average
power of around 10 W.

Li et al. designed a small size and weight pendulum WEC (630 cm3 - 0.3 kg) for non-anchored floating
platforms such as ocean buoys [76], which is more aligned with the drifters used in this thesis. The system
includes a small swing body, a gear train to speed up the axis rotation and a micro electrical generator
(Figure 10.c). Laboratory tests are reported using a swing platform to excite the WEC charging a 50 mAh
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rechargeable lithium battery. A sea test is also reported, in which only the AC open circuit voltage at the
output of the harvester was measured by an embedded system. They reported a maximum peak-to-peak
voltage of 15.9 V and from it, they inferred a maximum peak output power of 130 mW.

The concept of a multiple pendulum was used in [77] to develop a small size WEC to harvest energy from
small buoys. In this article, they took advantage of a tri-pendulum with three magnetic masses (resulting in
one pendulum) articulated to a previous single pendulum with another magnetic mass at its end. The
repulsive force between the magnets, excited by the wave’s load, causes the chaotic motion of the tri-
pendulum. The motion of the magnets around a coil winding induces the desired energy. The so-called
chaotic pendulum was manufactured with very small dimensions (10 X 16.7 cm) and tested, reporting
output powers of some milliwatts.

Gyroscope WEC

Gyroscopic devices take advantage of the pitch oscillation of a floating body to accelerate an inertial disk
and capture the wave’s energy. People from Aalborg University designed the GyroPTO [78], a mechanical
system made up of a spinning flywheel with its spin axis attached to a spherical buoy (Figure 10.d). In
certain conditions, they were able to get the flywheel to continuously rotate at the wave’s excitation
frequency. A medium size prototype (0.5 m — 20 kg) was manufactured and tested in a wave tank [79]. They
reported a mean output power of approximately 1 W with waves around 100 cm high and 1 - 3 s period.
Nevertheless, they concluded that this kind of WECs strongly depend on the regularity of the waves, so
changes in the behavior of the sea quickly affect the harvester’s performance.

Townsend et al. proposed a gyroscopic-type WEC for vessels in [80], and then extended the model for
AUV in [81]. The system utilizes the gyroscopic response of a gimballed flywheel mounted in oceanographic
platforms to generate energy from wave induced rotational motions (Figure 10.¢). They concluded that the
performance of the device increases if its resonance frequency, determined by its physical parameters,
matches the frequency of the excitation motion. The AUV model was manufactured (30 dm?) and
experimentally tested under regular waves (10 cm height and 1 Hz period) in a tank and it reached 0.8 W
of mean output power.

The ISWEC (Figure 10.f) is another gyroscopic-based converter developed by researchers from Po/itecnico
di Torino. This system, though, is for large-scale platforms but in [82] a scaled version (200 kg) was tested
in a wave flume under the excitation of small waves (0.3 m — 2.37 s). A mean output power of 184.3 W is
inferred from the measured device’s torque.

Transmission gears

) Ballast Pendulumrod  pepdulum support °
Pendulum

Motor support Swing body
DC motor ;

Bottom plane

Bearings

b)

Pendulum
Outer ring

Flywheel
Gearbox

Hull Cross Section Generator

Figure 10. Pendulum and Gyroscopic -based WEC review; a) Horizontal pendulum-based WEC for submerged, moored
buoys [74], b) Horizontal big-scale pendulum-based WEC for sutface buoys [75], ¢) Small-size pendulum WEC for drifting
buoys [76], d) GyroPTO for threaded spherical buoys [79], ¢) Medium-size gyroscopic-based WEC for AUV [81] and f)
ISWEC for surface vehicles [82].
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2.2.2. 'The Parametric Pendulum in WEC

Pendulum WEC provides highly energetic rotational motion with very simple mechanisms, which is why
this thesis focuses on this technique. The analysis of the dynamic response of a pendulum WEC is not that
simple and has attracted significant interest in the last years. Exciting a pendulum with a periodic force
whose frequency is close to the pendulum’s natural frequency, can greatly increase the pendulum’s motion
amplitude. This concept is known as resonance. Another kind of resonance is parametric oscillation. In this
case, the excitation is associated with the time-variation of one of the system’s dynamical parameters (inertia,
stiffness or damping). For the particular case of a pendulum whose articulation point has a vertical periodic
motion, the time-variable parameter is the stiffness and can lead to the parametric oscillation. This has four
possible responses; rest, oscillations, rotations and chaos depending on the pendulum’s and excitation
parameters.

Buoys under wave loads receive a stochastic excitation. However, a vertical sinusoidal excitation provides
a fairly good description of this excitation because, in the long term, there are predominant values of
frequency and amplitude. Therefore, a pendulum WEC excited by the heave motion of a buoy also becomes
a parametric pendulum [83]. In this case, the most desirable response is the complete rotation of the
pendulum. The more stable the pendulum’s rotation, the more energy an electrical generator can harvest
attached to its axis. By tuning the pendulum’s physical parameters, the power output of these WECs can
be maximized.

Complete rotations are not possible for all the combinations of excitation parameters. To obtain
parametric oscillation in a pendulum WEC resulting in complete rotations, at least a natural frequency of
twice the excitation frequency is required. This leads to pendulum lengths of hundreds of meters for
common swell conditions, which is not realistic for medium and small buoy sizes. Two solutions have then
been suggested to mitigate this issue and both are shown in Figure 11. In one, a N-pendulum is proposed
in [84] which can achieve low natural frequencies by adding multiple masses (#z) distributed around an array
of pendulum arms (4). This keeps the size of the device small. In the other, the concept of reduced gravity
is proposed in [85]. By tilting the vertical axis of the pendulum, the effect of the gravity is reduced according
to the inclination of the pendulum’s axis. Both concepts allow the parametric oscillation of relatively small-
size pendulum WEC [86].

Some authors suggest studying the parametric pendulum concept in WEC by imposing a sinusoidal
motion on the pendulum’s articulation. This results in a one DoF system (pendulum’s rotation) with a
known excitation. Alevras, Yurchenko et al. have gone further in these studies. In [87] they analyzed a
parametric pendulum under the influence of irregular waves, which has commonly been studied under
regular waves. In [88] they built a tri-pendulum (Ii = 0.3-0.5 — mi =5 kg) that achieved complete rotations
in a laboratory test. The device was excited with a vertical oscillation (heave) generated by an electrical
motor resulting on regular waves (T = 2-5 s — H =0.5 m).

Front view Side view

Figure 11. N-pendulum and reduced gravity concepts for reducing the natural frequency of a small-size pendulum.
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Another approach that has not been studied is using the natural response of the spherical buoy, instead
of forcing its heave, to obtain the parametric equations of the inner pendulum. That results in a much more
complex problem because it adds the DoF of the buoy to that of the pendulum. For this purpose, the 3
DoF drifter’s motion equation (4) developed within this thesis (section 2.1.2) was expanded to 4 DoF by
including a simple pendulum attached to the buoy geometric center (QQ). We presented the corresponding
equations of motion, obtained through Lagrange’s approach, in P.[53]. Figure 12 shows the 4 DoF system
where @ stands for the pendulum’s motion relative to the buoy, 7 and L for the pendulum’s mass and
length respectively, I for the pendulum’s moment of inertia and G for the pendulum’s geometric center.
The equations are:

M+m 0 mL cos(y + 6) + MH cosy mL cos(y + 0)

y

0 M+m mLsin(y + 6) + MH sinyy mLsin(yp +0) || z
mLcos(P +60) — MH cosyp mLsin(y + 0) + MH sinp Iy + MH? + I + mL? I; + mL? P
mL cos(y + 6) mL sin(y + 6) I +ml? I +ml? ]

L - )
F, + MHY? siny + mL(y + 8)" sin(y + 6)

( 1
| |
_ 4 F, — MHy? cos — mL(y + 6")2 sin(p +6) — (M +m+my)g $
|  H(F cosy +F,siny) — MHg sinyp — mgLsin(p +6) |
k —mgL sin(y) + 0) )

From the study of the equation of motion of 6 resulting from (9), an oscillatory response with a time-
variable stiffness is found. Thus, the parametric study of this pendulum would be possible using the
proposed system. However, this degree of analysis has not been reached duting the course of this thesis
and this study remains for future analysis.

The equations of motion shown in (9) were numerically integrated with the fixed-step 4th-order Runge-
Kutta algorithm in MATLAB. Results were later compared with those obtained with the OrcaFlex
numerical model of a free-floating buoy with an inner single mass articulated at its geometric center (acting
as a pendulum). This validation comparison was presented in P.[53] and some results are illustrated in
Figure 13. In both models, the sea state was described as the superposition of two regular waves (Airy) with
amplitudes of 1.5 m and 0.3 m and periods of 8 s and 3.5 s respectively.

The vertical motion of the buoy’s center (O) obtained through the analytical model matches with that
given by OrcaFlex with an error lower than 1.5%. As for the horizontal displacement and the orientation
angles (1, 8), both OrcaFlex and analytical results show the same qualitative tendency with quantitative
discrepancies. The lower amplitude values of ¥ and 8 from OrcaFlex, compared to those obtained using

Z (always vertical)

(wave propagation)

m: Pendulum mass | Q G |
Ic: Pendulum moment of inertia

Figure 12. Free-floating buoy with an inner pendulum articulated at its geometric centetr. J stands for the surge, Z for
the heave, P for the pitch and 6 for the pendulum rotation relative to the buoy.
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Figure 13. Time evolution of the drifter’s 4 DoF obtained with OrcaFlex numerical model (dashed orange line) and with the analytical
model shown in (9) (continuous blue line). From top to bottom and from left to right: drifter vertical displacement (z), drifter rotation

(Y), drifter horizontal displacement (y) and pendulum rotation (9)

our model, are directly related to neglecting the dissipative moment associated with the sea-buoy interaction.
The higher drift of the buoy obtained with OrcaFlex is related to a different modelling of the interaction
between the waves and the sea bottom. In Orcaflex, the model considers a non-symmetric velocity profile,
whereas the Morrison model implemented in (9) does not consider this phenomenon.

2.3. Proposed Small-Size WEC

The WO drifter from MELOA Consortium was designed to include two EH sources in order to expand
its autonomy or work as an unlimited back-up battery for recovering the unit. This back-up battery works
whenever the main battery is exhausted, allowing the drifter to send messages about its location in order to
recover it. This hybrid EH system includes first a PV array of 0.6 W below the transparent shell and just
above the equatorial line of the WO (Figure 7.e and Figure 7.f). Second, a small-size WEC to be embedded
in the WO with the following restrictions; total diameter below 12 cm and maximum weight below 10% of
the drifter’s mass (360g). The WEC is placed in the center of mass of the WO, below the equatorial line,
taking up part of the battery pack space. Therefore, the smaller the diameter of the WEC, the greater the
number of battery cells that can be installed. The WEC should also not affect the WO measurements such
as the estimation of the wave parameters, very sensitive to the drifter’s motion as mentioned in Section
2.1.2 (inclusion of an external ring). In this section, the small-size WEC proposed within this thesis to be
embedded in the WO are presented.

2.3.1. Double-Pendulum WEC

A first WEC prototype was designed in P.[57] and is shown in Figure 14.a. It is a combination of the
pendulum and the gyroscopic methods. Three gimbal rings articulated to the WO are used, the inner and
the outer with a proof mass mounted at its lower part. The waves excite both masses whose relative motion
drives a gear system that amplifies the angular velocity. Thanks to a one-way bearing, unidirectional rotation
is accumulated in a flywheel which finally drives the electrical generator shaft. The advantage of this device
is that it can capture motion from all directions and turn it into rotation. A prototype of this WEC was
manufactured with a mass of 360 g and a diameter of 12 cm. The electrical generator had 3 V of nominal
voltage and the total gear ratio was 35. Gimbal arms were made of methacrylate and the green supports
were manufactured in a 3D printer with ABS. We presented experimental results of this device in P.[57]. It
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Figure 14. WEC model evolution. Nomenclature; Gimbal rings (GR), Electrical generator (EG), Proof mass (PM),
Flywheel (FW), Gear System (GS), One-way bearing (OW), Main ring (MR), Pendulum arm (PA) and Support (S).

was tested in a water tank with waves of 10 cm high with 3 second periods generating 0.22 mW of mean
output power across a 50 Q resistor. A zoom-in of these results is reported in Figure 15, giving an idea of
the power levels and the behaviour of this WEC. Although the frequency of the incident waves is 0.33 Hz,
the response of the device corresponds to the natural frequency of the buoy where it is embedded. In the
case of P.[57], a smaller buoy than the WO was used, so the frequency in which the device was moving
was higher than the previous frequencies reported in section 2.1.2.

An evolution of this first design was presented in P.[58], [59] and it is shown in Figure 14.b. The design
evolved into a pendulum-type WEC as the three gimbal rings were replaced by a double-pendulum system.
A main ring articulated to the WO acts as the first pendulum. A proof mass placed on a pendulum arm and
articulated to the main ring acts as the second pendulum. A gear train is coupled to the ring. Through that
train, energy is accumulated in a flywheel which drives the electrical generator. The gear system amplifies
the angular velocity and again, thanks to a one-way bearing, unidirectional rotation of the generator is
ensured. The advantage of this system is that the second arm helps the pendulum align with the wave
propagation direction and thus maximizes the pendulum’s amplitude motion. A prototype of this WEC
was manufactured with a total mass of 300 g and a diameter of 10 cm. The main body was 3D printed with
polyamide and the proof mass was made with lead. The total gear ratio was 35 and the electrical generator
employed was the 118391 model from Maxon Motors. This second model was placed in a WO prototype
and deployed in the sea with Hmo of 0.49 m and T2 of 2.67 s. The rotation of one of the gears was measured
resulting in nearly continuous rotations at a frequency between 1 and 2 Hz, close to fz and fy, obtained
from the WO’s analytical model. We reported these results in P.[58]. The power generation of this second
WEC was also measured in an ocean test and reported in P.[59] but, as the system included a PMU, results
are presented later in section 3.3.

A third model evolved from previous designs (Figure 14.c). This model will be published in the MELOA’s
tinal report in [60], not yet published. This WEC is very similar to the second model but it reduces the total
size and includes a support to fixate the WEC to the WO. The gear train is also reduced to four gears and
the flywheel becomes thinner. A prototype of this third WEC was manufactured with a total mass of 245

WEC out. Power [mW]

Time [s]

Figure 15. WEC output power across a 50 € resistor when placed on a water tank with incident regular waves of 10 cm
height and 3 s period. The blue and orange lines represent the instantaneous and the average powers respectively.
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Figure 16. Double pendulum WEC model; a) 3D CAD model with the position of the main axis, the DoF and the
reference points, b) Experimental and simulated model results for the open circuit voltage (Voc) of the WEC’s generator
when fixing it on a horizontal long-stroke shaker oscillating at 1.8 Hz and 0.3 g.

g and a diameter of 8 cm. The main body was 3D printed with polyamide and the proof mass was made
with lead. The total gear ratio was 14 and the electrical generator was the 106163 model from Maxon
Motors.

To optimize the parameters of the WEC with a perspective similar to a parametric pendulum, its motion
model must be obtained. The equations of motion of the double-pendulum shown in Figure 14.b (second
model) when embedded into a floating buoy were obtained and validated in P.[41]. For that purpose, the 4
DoF system (y, Z, ¥, 9) presented in Figure 12 and reported in (9) should be expanded with the fifth DoF
of the proof mass (PM) rotation relative to the main ring (¢). The problem was simplified by considering
just one of the buoy’s DoF generated experimentally with a long-stroke linear shaker. The horizontal
oscillation (y — surge) was chosen and considered roughly sinusoidal with a fixed frequency and amplitude.
The shaker imposed that motion to point Q, which is the geometrical center of a ring, with the ring’s
rotation aligned to ¥ (Figure 16.a). The ring’s rotation about X, that is the first pendulum rotation (6), is
transmitted to a gear system and finally to the electrical generator. The proof mass is articulated to the ring
about an axis orthogonal to X through point A (¢). Figure 16.a presents the double pendulum we used in
P.[41] with the main DoF of the system and the position of the reference points. Note that the system (not
presented here) also accounts for the one-way bearing that engages, periodically, the gears to the ring
oscillation. The measured generator’s open circuit (OC) voltage (I"oc) was measured during the shaker test
(1.8 Hz and 0.3 g) and compared to that obtained with the model. The good matching of the results is
shown in Figure 16.b , where the time and frequency comparison is shown (DC component removed).

From an electrical point of view, the electrical generator is a miniature DC motor which can be modelled
as a Thévenin circuit [89] like that shown in Figure 17, where Kg is the internal equivalent resistance, Voc
is the generated electromotive force in volts and ["Gex is the voltage at the output terminals. ["o¢ can be
obtained as

Voc = KgBw (10)

VOC + x I

| VGEN

EG model

Figure 17. Thévenin equivalent circuit of the electrical generator (EG) placed on the double-pendulum WEC.
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where Kg is the generator’s constructive constant, 3 the magnet field generated by the permanent magnet,
and o the generator rotor speed [89]. Since Kg and § are constants, I”oc is proportional to w. Within one
single pendulum cycle, while the pendulum applies torque through the engaged one-way gear, the flywheel
accelerates, increasing w and thus [“oc, whereas, when the pendulum moves in the other direction the one-
way gear is disengaged, so the flywheel slows down, thus reducing w and 1“oc. Therefore, w and Voc will
both have DC and AC components, even for a constant excitation source, as can easily be appreciated in
Figure 16.b. The AC component will be periodic with the same frequency of the mechanical movement of
the pendulum. Nevertheless, the flywheel increases the system inertia thus reducing the variability (i.e. the
amplitude of the AC component) on v and thus on Voc.

The effect of this pendulum-type WEC, shown in Figure 14.b (second model), on the wave parameters
estimation at an ocean drifter, was studied in one of our publications P.[55]. This analysis aims to validate
that the motion of the proof mass does not have a significant influence on the WO motion itself and thus
its wave measuring capability. A zero-upcrossing algorithm was developed in MATLAB to obtain the wave
parameters from the vertical acceleration provided by an IMU embedded in the drifter. Two oceanic
drifters, one with the WEC embedded and one without, were deployed in the wave flume shown in Figure
7.c under different sea conditions. Results show there is no significant difference in the estimated wave
parameters between both units.

2.3.2. Other WEC Approaches

Z. Hadas from Brno University (Check Republic) designed and developed in [90] a novel EH device capable
of capturing energy from very low excitation frequencies (<10 Hz). It s, in fact, a pendulum-type converter
with a custom electromagnetic transducer designed for applications with low frequency and magnitude that
are typically associated with human motion. The device is based on a proof mass rolling in a circular cavity
in a Tusi couple configuration. The rolling mass includes an array of permanent magnets that induce current
in a coil winding fixed to the circular frame (Figure 18.a). A small size prototype was manufactured (50 cm3
—506.3 g) and tested in an oscillator shaker (2-6 Hz and 0.1-1 g) reporting average output powers across a 2
kQ resistor in the order of some milliwatt.

During the development of this thesis, this rolling mass EH device was redesigned in P.[60] to become a
WEC and harvest energy from the drifter’s motion. The objective was to tune the natural frequency of the
rolling mass to resonate with that of the drifter’s motion, maximizing the amplitude of its circular path and
thus the harvested energy. The constructive parameters of the device were tuned to achieve this purpose
resulting in a rolling mass of 165 g and a frame cavity diameter of 46 mm. The targeted frequencies were
those presented in Figure 6 resulting from an OrcaFlex simulation (oceanic drifter under O-H waves of
Hmo = 0.5 m, fm2 = 0.2 Hz and X = 1). A multi-body model was developed with ADAMS software and
excited with the OrcaFlex vectors (drifter motion) resulting in an average output power across a 2 kQ
resistor of 0.4 uW with peaks up to 7 mW (Figure 18.b). The manufacturing and testing of this device is
still ongoing.

a) b) 8
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Pick-up coils circular cavity E 6
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permanent magnets

Figure 18. Other WEC approaches; a) Rolling mass EH device to capture energy from human motion presented,
analyzed and tested in [90], b) Simulated WEC output power under the excitation of O-H waves with Hyy = 0.5 m and
fn2 = 0.2 presented in P. [60]
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Liang et al. presented in [91] an ultra-low wide-bandwidth vibrational EH device which captures vertical
oscillation from multiple sources. It is a statically balanced compliant mechanism (SBCM) based on the
concept of stiffness compensation between a linear component with positive-stiffness and a nonlinear
component with negative-stiffness (Figure 19.a). The mechanical-to-electrical conversion is done using
piezoelectric capacitors made of PVDF films. The dynamic model is obtained and defined in COMPSOL
software to analyze the device’s response. A small-size prototype (600 cm? — 850 g) was manufactured and
tested in a permanent magnet shaker (6-20 Hz and 0.1 — 0.25 g) resulting in an average output power across
a 1.12 MQ resistor of up to 0.5 uW.

Under the coverage of a transnational action funded by EnABLES project (refer to [92]) the SBCM
mechanism embedded into a drifter was simulated. The excitation vectors were those presented in Figure
6 resulting from an OrcaFlex simulation (oceanic drifter under O-H waves of Hmo = 0.5 m, fum2 = 0.2 Hz
and A = 1). Under these exciting conditions and with the same configuration as in [91], we demonstrated in
P.|61] this device’s ability to harvest energy from the sea. Figure 19.b shows the power production of this
device, with an average of of 0.2 uW and peaks up to 2.4 uW. The lower power levels provided by this
WEC is due to the small size of the PZT and demonstrates that it still requires further optimization. The
testing of this device in a real oceanic scenario is a pending task.
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Figure 19. Other WEC approaches; a) Statically balanced compliant mechanism (SBCM) with PVDF piezoelectric
films [91]. b) Simulated WEC output power under the excitation of O-H waves with Hy,o0 = 0.5 m and £, = 0.2.

» In relation with chapter 2, main contributions to objective 1 were published in “Ewrgpean Physical
Journal Special Topics - 20227 in P.[60] included in appendix A.1, in “IEEE Sensors Journal - 2020” in P.[59]
included in appendix A.2, in “IEEE OES/MTS Oceans — 2019 Marseille’ in P.[58] included in appendix
A.5 and in “IEEE International Instrumentation and Measurement Technology Conference — 2019 Auckland’ in P.[57]
included in appendix A.6, that are part of this thesis compendium.
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Chapter 3
POWER MANAGEMENT

3.1. General Overview

3.1.1. PMU Functionalities

EH systems use the energy of the environment to provide electrical energy dedicated to feeding low-
power devices such as AS nodes. The available power is variable and limited, normally between 10 uW and
100 uW depending on the energy source [93], and it should be converted into a constant and clean supply
to feed the AS node. By properly managing this energy, both the autonomy and the AS data rate can be
expanded. A PMU is the electronic interface that plays this roll and accomplishes the following main
functions:

» Maximizing the power extraction (PE) from the EH source.
» Providing a regulated voltage supply (VS) to the AS node.
» Controlling the storage interaction (SI) with the ESE

» Handling the enetrgy supetrvision (ES) of the entire system.

The PMU should first ensure the maximum PE from the EH source. This energy depends on the
environmental conditions (e.g. irradiation, wind speed) and the EH device voltage operating point (I”gex
in Figure 17). As the environmental conditions may change, the MPPT algorithm continuously tracks this
operation point and places it at the MPP. An input DC/DC converter is usually responsible for this. There
are several methods to perform the MPPT, further explored in section 3.2.2.

The second PMU function is to provide a regulated VS to feed the AS node, typically 3.3 V or 5V for
microcontrollers or embedded sensors. Commonly, a secondary DC/DC converter is used with a feedback
configuration to regulate the output voltage.

The SI with the ESE is the third requirement of the PMU. Normally, secondary batteries (e.g. Li-ion,
LiPo) are used. The control of its state of charge is needed as well as its protection with overcharge and
discharge limits.

Finally, an ES module manages the possible mismatch of energy between the source and the load. This
power flow depends on the available harvested power, the load requirements and the state of charge of the
ESE. This module (typically a low-power uC) covers the high-order functions of the power management
by sensing internal states of the system and providing control signals for the other PMU modules.

The complexity of PMU is growing, and the diagram previously presented in Figure 3 may become that
presented in Figure 20. Multiple PMU inputs give the opportunity for scavenging different EH sources
with different temporal availabilities. For example, a hybrid EH system placed on a drifter and collecting
energy from calm-sunny days using a PV but also from rough cloudy days using a WEC (Figure 20).
Furthermore, the AS nodes may require different voltage supplies to feed the internal modules (e.g. uC, Tx,
Sensors and GPS). In these cases, a specific DC/DC input converter is needed for the MPPT of each EH
source and one DC/DC output converter is needed for each desired voltage level.
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Figure 20. General structure of an AS node powered by a EH system. The hybrid EH source contains a WEC and an
array of PV. A hybrid ESE is also considered with a secondary battery and a super capacitor. The PMU performs the
Energy supervision of the system, each EH source MPPT, the storage interaction (SI) with the ESE and the two-level

voltage supply (VS).

The load consumption of the AS node is rarely constant. When waking up or transmitting, it generates
high current peaks that can exceed 100 mA. These can cause instantaneous voltage drops in the ESE that
may get to switch the node off. The combination of supercapacitors with batteries shown in Figure 20 is a
possible solution to resolve this. Work done in [94] proves an extension of the lifetime and an increase of
robustness by using hybrid storage units. These storage topologies take advantage of the high energy density
of the battery, guaranteeing a long deployment, and of the high-power density of the super capacitor to
provide the high-current activation peaks.

3.1.2. Commercial Solutions

Several companies offer PMU ICs that are compact solutions covering all the functionalities stated above,
including specific MPPT methods for different types of EH sources. They are ultra-low power modules for
a wide range of EH sources at a relatively low input voltage, suitable for small-scale WEC. Some of them
are examined below.

ADP5091/2 and BQ25504/5

The BQ25504/5 (Texas Instruments) and the ADP5091/2 (Analog Devices) are two of the most widely-used
devices in low power applications (< 10 mW). They both offer efficient power extraction (70-90%) from
microwatts to milliwatts at very low input voltages (>80 mV) with ultra-low quiescent currents (<500 nA).
They also allow starting the energy management at relatively low input voltages (0.3-0.5 V) at what is known
as the cold start-up. Both PMU’s offer an input for EH sources with adjustable MPPT functionalities, a
protected battery output and the main load’s output. Among the differences, the ADP5091/2 incorporates
a regulated output while the BQ25504/5 allows up to 5 volts at the input (3.3 V in ADP5091/2). In P.[63],
we demonstrate their very similar efficiency by testing them on a WEC attached to the KUKA robotic arm
of Figure 7.b emulating common swell condition. Given the similarities between both PMU’s and because
the ADP5091/2 has been used numerous times throughout this thesis (P.[42], [57], [59], [95]), just the
ADP5091/2 PMU is further analyzed below.

The ADP5091/2 is based on a boost regulator working on PFM mode [96] with adjustable MPPT
functionalities. It also includes an LDO for one adjustable regulated output. Figure 21.a shows the circuit
schematic of this PMU (highlighted in blue) with a WEC (orange, defined in Figure 17) connected at its
input terminal (/). Three outputs are available; the battery charging terminal (BAT), in which the ESE
(purple) is connected to, the main output terminal (SYS) and a regulated output terminal (REG). The load
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Figure 21. ADP5092 PMU. a) Circuit schematic of the ADP5092 configured to work as the PMU (center-blue),
harvesting energy from a WEC (left-orange - Thévenin equivalent) and storing in a battery-based ESE (right-purple).
The electrical load (right-red) is not connected. b) Fast Cold Start-Up Sequence at the PMU followed with the
asynchronous and synchronous high-efficiency modes.

(highlighted in red) can either be connected to SYS or to REG. A capacitor Ci is placed as a buffer between
the EH source and the PMU and capacitors Ca, C3 and Cy are connected to BAT, SYS and REG
respectively. Further, BAT pin is protected with overcharge (I'migH) and discharge (I'1L.ow) voltages to
protect the ESE, e.g. a rechargeable battery. Each voltage counts on a hysteresis range (I'nysti and hysra)
to prevent the PMU from switching on and off continuously when achieving these voltage thresholds (see
Figure 21.b). Thresholds and hysteresis limits are programable by a resistor array connected to HYST and
represented in the upper part of the PMU in Figure 21a.

The PMU can work in three modes, depending on the voltages at the SYS and BAT terminals: Fast-Cold
Start-Up, Asynchronous and Synchronous. Figure 21.b illustrates the temporal evolution of these voltages
from the Fast-Cold Start-Up mode, when there is an eruption of energy.

> Fast Cold Start-Up [ Vsys < 1.9V, Var < 2.4 V]: The PMU extracts the energy available at Vin
and charges SYS up to 1.9 V, while Vparis discharged. The main boost is off and the efficiency is
low.

» Asynchronous [ 1.9 V < Vsys < 2.4 V, Vpar < 2.4 V]: The main boost is turned on and the
efficiency increases. While Vsysis between 2 and 2.2 V and above Vpar, the PMU moves energy
from Vinto SYS and from SYS to BAT if there is exceedance. Second, when Vgar = Vsys, the
PMU connects these terminals together and moves energy from Vin to them.

» Synchronous [ 2.4 V < Vpar= Vsys < 3.7 V]: BAT and SYS are connected and the MPPT starts
working. By moving energy from the input, the PMU raises them up to 4.2 V where they are finally
disconnected from Viy to prevent the battery from over-charging.

As for the MPPT functionality, this PMU petrforms the fractional open circuit voltage (FOCV) technique,
deeply studied later in section 3.2.3. The selection of the resistor divider (R; and Ry) allows an adjustable
percentage of the MPP, whose voltage is held in Csamp and updated every 16 seconds.

Other Commercial ICs

Even though the ADP5091/2 and the BQ25504/5 are the widest PMU used for low-power applications,
there are several other options in the market. Table 3 summarizes some of them highlighting their main
characteristics and some of their noteworthy details are commented below.

The LTC3105 (Linear Technology) is based on a boost converter with an input voltage of up to 5 V, designed
for PV applications. The MPPT is set with a constant voltage (CV) by placing a resistor that programs the
desired MPP voltage (I"mpp), which is a fixed value. A relatively high input voltage of 18 V is allowed in the
SPV1050 (ST Microelectronics), based on a buck-boost converter. ST also sell a low-power PMU with true-
MPPT functionalities (later defined in section 3.2.2), which is the SVP1040. This PMU IC implements the
wide known method of Perturb and Observe (P&O) for solar applications with up to 3 watt of input power.
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The MB39C831 (Cypress) allows the option to set a programable MPPT sampling period (Tmeer) by
modifying the value of four peripheric capacitors. The range of this programable Tywppr is not specified.

The recently launched AEM30330 (e-Peas) is another PMU IC that offers a sampling period down to 18
ms, which is very interesting for fast-varying sources such as WEC. Nevertheless, the sampling time at this
operation point is 3.8 ms which represents 20% of the operation time and drastically reduces its overall
efficiency. Another interesting feature of the ¢-Peas ICs (AEM30330 and AEM30940) is the two output
LDO providing different regulated voltages.

The NH2D0245 (NOWI) is another recently launched PMU IC that stands out for its simplicity. This
chip targets ultra-low EH applications offering just the battery output (no load output is provided). It just
needs one external component and it performs the high climbing MPPT.

Model Manufact. DC-DC Vin (V) Vesu (MV) Ia (MA) PN (MW) MPPT / Tmeer Source*
ADP5092 AD Boost 0.08 -3.3 > 380 0.51 0.006 -600 FOCV/4-16s PV, TEG
BQ25505 Tl Boost 01-5 > 600 0.32 < 510 FOCV /16s PV, TEG
LTC3105 LT Boost 0.22 -5 > 250 24 < 300 CVv/- PV
SPV1050 Buck-Boost  0.08 —18 > 550 2.6 < 400 FOCV /12-20 s PV, TEG
SVP1040 o Boost 0.3-5.5 > 800 60 < 3000 P&O / n/a PV, FC
MB39C831 Cypress Boost 0.3-438 > 350 41 < 300 FOCV / prog. PV, TEG

AEM30330 Buck-Boost  0.1-4.5 > 275 0.87 <500 FOCV/20-70ms PV. PZT,
AEM30940 e Buck-Boost  0.05-5 > 380 0.6 <500 FOCV /0.33 s TEG, RF
NH2D0245 NOWI Boost n/a->5 Vear > 2.5V 0.63 <2 Hill climb. /0.7 -1s PV, PZT

Table 3. Commercial PMU ICs report; Vin: input voltage, Vesu: cold start-up voltage, Ig: quiescent current, Pry: input
power, Typpr: MPPT sampling period. *Declared input sources: Photovoltaic (PV), Thermoelectric generator (TEG),
Piezoelectric device (PZT), Radio-frequency (RF), Fuel Cells (FC).

3.1.3. Related Works

Many works design its own PMU to better meet the specifications of the application. The state-of-the art
of AS nodes powered by EH sources whose energy is managed by a custom PMU is presented here. For
each work, special attention is given to the energy supervision, the power extraction, the storage interaction
and the voltage supply modules. Table 4, previously presented in [97], shows a summary of this review.
Some works include a commercial PMU while others combine different DC-DC converters with wise

control methods.

AmbiMax, presented in [98], is based on a hybrid EH system (solar + wind). Each MPPT is independently
managed by two boost converters (LTC3401 — Linear Technology Corporation) controlled by a hysteresis
comparator (LTC1440 — Linear Technology Corporation), which tracks the MPP using a pilot element (light or
speed sensors). Energy is buffered using an 11 F super capacitor for the solar system and a 5 F for the wind
system. The charge/discharge control of the secondary LiPo battery is managed by another comparator
(LTC1441 — Linear Technology Corporation) and a current-limiting switch (ST890 — STMicroelectronics).

A solar EH system is presented in [99]. The BQ25504 deals with the MPPT under the control of a
Complex Programmable Logic Device (CPLD), based on a pilot cell signal. Even though the BQ25504
integrates an FOCV-MPPT, it is not used here. A custom H-bridge bidirectional Buck-Boost converter is
designed as a storage controller to balance energy between a 5 I supercapacitor and a 350 mAh battery.
Finally, an off-the-shelf buck converter (TPS6220x — Texas Instruments) powers the load.
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An AS node powered by a solar source is presented in [100]. The energy of the PV is extracted by a single-
ended primary-inductor converter (SEPIC TPS43000 — Texas Instruments) controlled by a pC (PIC18F2620
— Microchip Technology). A main 3.3 V dc bus is proposed and the link between the 350 F supercapacitor and
680 mAh battery is done with two bidirectional de-dc converters (TPS43000 — Texas Instruments).

A thermoelectric EH device is proposed in [101]. Energy is extracted using a DC-DC boost converter
(TPS61020 — Texas Instruments) with a step-up charge pump (S-882Z — Seiko Instruments). A supercapacitor
is placed as an intermediate storage device and a boost converter (TPS61220 — Texas Instruments) powers
the load. A microcontroller (Atmgal281 — Azmel) acts as the energy supervisor of the system.

Li et. al. presented an hybrid system in [102] which is powered by solar and vibrating energy sources. On
the one hand, a boost converter (LTC3401 — Linear Technology Corporation) controlled by a hysteresis
comparator (LTC1440 — Linear Technology Corporation) and a pilot cell extracts the energy from the PV array.
On the other hand, the extraction of the piezoelectric EH is done by a full bridge (FB) rectifier and a buck
convertet (LTC3632 — Linear Technology Corporation) controlled by another comparator (LTC1440 — Linear
Technology Corporation). A novel passive storage control strategy is presented. Depending on the voltage at
the different EH systems and thanks to the voltage drop at the corresponding Schottky diodes, the system
balances which source feeds the load and the charging/discharging status of the battery. A super capacitor
is also employed to reduce the fast fluctuations in the battery

InfiniTime, for human body EH, is presented in [103]. It is composed of a solar panel and a TEG. The
extraction of power from the panel and its MPPT is done with a BQ25504, and from the thermoelectric
generator with a Boost (ILTC3108 — Linear Technology Corporation). Energy is merged into a LiPo battery by
passive diodes and an internal extra Buck converter of the BQ25570 is used to feed the load.

Ref. EH source(s) Power Extraction Energy Supervisor Storage intraction ESE(s) Voltage Supply
Boost [LTC3401] +
(98] Solar + Wind Hyst. comp. Hysteresis comp.  Current limiti. ~ Supercaps 11 Fand 5  pMOSFET
(0.3 + 0.5W) [LTC1440] + pilot [LTC1441] Switch [ST890] F + LiPo battery selects source
element
[99] 10 PV cells  Boost [BQ25504] + CPLD Custom H-bridge Supercap 5 F + 350 Buck conv.
(18 mW) CPLD + pilot cell Buck-Boost mAh Lilon battery [TPS6220x]

SEPIC converter Microcontroller Bidir. Buck and  Supercaps 350 F 2.7

100 Solar 5 W 33Vb
[0y Solar [TPS43000] [PIC18F2620]  Boost [TPS43000] V + 680 mAh battety us
Charge pump [S- .
TEG (250 mV Microcontroller Boost
[101] at4K) 8827] and Boost [Atmega1281] Boost [TPS61020] Supercap 2.5F 5V [TPS61220]
[TPS61020]
Solar + BOOSti[ALTCMO” + FB passive: resistor divider, Supercap 25 mF 5V Buck-Boost
[102] . . rectifier and Buck ) . PMOSFET and )
Vibration or-ing diodes . + 130 mAh Li battery  conv. (n/a)
[LTC3632] Schottky diodes

Boost [LTC3108] + passive: Boost [LTC3108] +

103] TEG + sol
(03] TS0 Boost [BQ25504]  or-ing diodes  PMU [BQ25504]

40 mAh LiPo battery Buck [BQ25570]

Table 4. State-of-the-art of power management systems with their EH and Storage technology [97].
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3.2.  Maximum Power Point Tracking

3.2.1. General Overview

The harvested energy from an EH source strongly depends on the environmental conditions (e.g.
irradiation, wind speed) and the device’s voltage operating point (Igen in Figure 17). As the environmental

conditions continuously change, a MPPT algorithm should track this operation point and place it at the
MPP.

This can be understood with the aid of Figure 22. It shows the corresponding I-V and P-V characteristic
curves of the DC electrical generator placed in the WEC presented in P.[59] and modeled with the Thévenin
circuit of Figure 17. Different rotation excitations were driven in the electric generator axis and the
corresponding output currents were read at different voltages. There is an MPP found at each rotation with
a corresponding voltage defined as [ypp; placing the WEC’s output voltage at [ypp maximizes the power
output (Pypp). A change in the rotation leads to a different P-V curve. The 1ympp that previously maximized
the output power (Pypp) now is far from its optimum point, so I"Gex should be properly modified to reach
the new MPP. This is known as the MPPT and it is one of the PMU responsibilities.

In the case of thermoelectric, piezoelectric or electromagnetic devices, the MPP is reached when the load
resistor (Rroap) matches with the EH device’s internal resistor (Rg in Figure 17). Then, according to (10),
the maximum power point at a certain condition (e.g. w rotation in the electro generator axis) is
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Figure 22. I-V and P-V characteristic curves from the DC electrical generator placed in the WEC presented in P.[59].
The maximum power point (MPP), its corresponding voltage (Vupp) and power (Pyvpp) and the open circuit voltage
(Voc) are shown. Solid lines correspond to P-V (left axis) and dashed lines to I-V (right axis).

3.2.2. Existing MPPT Techniques

Esram et al. summarized in [104] many of the large number of MPPT techniques that were proposed.
This section only presents the ones appropriate for low-power EH sources (input power below 10 mW).
Later, section 3.2.3 analyses deeply and reviews the FOCV method, which is the one used throughout this
thesis.

A DC/DC converter is usually placed at the EH soutce output to control its operation point and execute
the PMU energy extraction (Section 3.1.1). By controlling the converter input voltage (EH source output),
the MPP can periodically be achieved. This control can either be done with a pulse width modulation
(PWM), such as in [105], or with a pulse frequency modulation (PFM), such as in [106]. Both methods
require the MPP voltage reference (I"mpp). There are two ways of generating this reference. The more
precise the MPP needs to be, the more complex the circuit becomes. The indirect methods, also called
open-loop or near-MPPT methods, estimate the mpp of the EH soutce. The direct methods, also called
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closed-loop or true-MPPT methods, periodically measure the converter’s input power (Piy) to generate the
next Impp. As several parameter measurements and the generation of a reference are required, the energy
supervisor module (typically a nC as in Figure 20) is also involved.

Figure 23 shows the schematic of a PMU capturing energy from an EH source (WEC model) with a focus
on the MPPT implementation. In this case, ["Gen and iy are measured to provide [ypp, implementing a
true-MPPT. In a near-MPPT method, this value would be estimated. From the difference between 1"Gen
and "wpp, either a PWM or a PEM controls the switching of a DC/DC converter and thus its input voltage
to reach the MPP of the EH source. An ensuring DC-DC converter adjusts the voltage supply level at the
load.

Near-MPPT Methods

Near-MPPT methods, also called Indirect or Open-loop methods, estimate the 1”ypp and avoid adding
measurement circuitry or a uC that may increase the consumption and reduce the efficiency of the PMU.
These methods are used for ultra-low EH applications where this rise in the consumption does not pay off
for the increase of energy obtained in following the MPP.

One of the simplest methods is the constant voltage (CV) MPPT. It consists of selecting a CV for I”Gen,
which should be selected near the average MPP expected during the operation. In the case of Figure 22,
placing a "mpp of around 0.5 volts will not reach the MPP in practically any of the rotation conditions but
it may provide a near-MPPT for all of them. Particularly, this method lacks the ability to adapt the MPP to
a change in the environmental conditions. Another disadvantage of this method is the requirement of
having to previously characterize the EH source. The boost-based LTC3105 (Linear Technology) reported in
Table 3 applies the CV by placing a resistor at one of its pins. The CV method can also be performed with
the ADP5092, as we did in P.[95]. In this work, we compared the performance of two near-MPPT
techniques, the CV and the FOCV, by deploying a WEC embedded in an oceanic drifter in a wave flume.
Results from this comparison ate later analyzed in section 3.3.

Another near-MPPT method is the resistor emulator. This method is based on changing the impedance
seen by the EH source (Ra in Figure 23) to reach the MPP. By tuning the duty cycle of the input PMU
converter, Ra, which is normally much higher than that of the EH source (Rg), is adjusted. In the case of
electromagnetic sources, an Rg=Ra places the desired MPP. A flyback converter PMU is designed in [107]
to capture energy from microbial fuel cells using a resistor emulator method. From the internal resistor of
each cell (previously characterized), the frequency and duty cycle of the flyback converter that matches the
load and the EH source impedances were set. Another resistor emulator method is presented in [108],
aiming to capture from 8 to 420 pW of an RF antenna. The matching of Ra and the EH source resistors is
achieved by placing a boost converter between them.

The FOCV is another near-MPPT method, widely used in low-power EH applications and also

implemented in several commercial low-power chips, some of them reported in Table 3. This method,
thoroughly explained in [109], exploits the neatly linear relationship between I"mpp and I“oc of the EH
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Figure 23. Main schematic of a PMU implementing the true-MPPT.
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source (Figure 22). So, maximum energy is harvested by fixing the output voltage of the EH source to a
percentage of ["oc. This percentage is typically 50% for thermoelectric, piezoelectric or radio frequency
sources, and 60-80% for PV sources. Typically, [oc is periodically measured with a sample and hold (S&H)
circuit by momentarily disconnecting the EH source from the PMU. So, this method, unlike the previous
ones, is capable of periodically updating the estimated MPP and adapting it to the new environmental
conditions. As this method is one of the main topics of this thesis, section 3.2.3 deeply analyzes its
implementation and reviews some related works for low-power EH sources.

One of the main drawbacks of the FOCV method is that the harvester output is periodically disconnected
from the PMU reducing the global efficiency. There are some methods that can solve this problem such as
the one reported in [110], where a parallel pilot PV cell is used to estimate the ["oc of the whole PV array.
A similar idea is used in [111], where the MPP is estimated from the rotation velocity of a WEH turbine
Even though this method does not provide a true MPP, it is a viable solution for continuously tracking the
MPP without disconnecting the EH source.

True-MPPT Methods

True-MPPT methods, also called Direct or Closed-loop methods, continuously measure the output power
of the EH source, e.g. the PMU input power, to properly update the I"upp reference. These methods are
more complex and may require more power consuming modules but they are also found in low-power EH
applications. As some computational resources are needed to process the measured input parameters and
provide the vpp, normally a low-power uC is included.

The widest used true-MPPT method is the perturb and observe (P&O) one. This method, first presented
in [112], is based on periodically perturbing the output voltage of the EH source, measuring its new power
point (P in Figure 23), and finally acting consequently. Figure 24 shows the principle of operation of this
method. The PMU slightly perturbs ["Gex and observes the change on P, usually by measuring the output
voltage and current (I”gen and Iiv). Whenever the measured power increases (AP > 0), the MPP is assumed
to be at the right hand of the current operation point and, therefore, it must be further perturbed in the
same direction (Al” > 0). Otherwise, if the power decreases (AP < 0), the next perturbation must be made
in the opposite direction (Al” < 0) because MPP is found at the left hand of the cutrent operation point.

A small-size shunt resistor and an analog-to-digital converter (ADC) are normally used to sense I"Gex and
IIN.

In general, P&O is more accurate than other methods, but in low-power harvesters, the extra generated
power may not compensate for the power consumed by the required computation resources which typically
amounts to hundreds of microwatts (110 uW in [113] or 350 uW in [106]). Two crucial design parameters
of the P&O method are the voltage and time steps (Al” and A#). Small steps are desired so as to achieve
precision while big steps allow for higher capability to approach the MPP at high environmental changes.
For this reason, variable temporal and voltage steps are suggested in [114].

The hill climbing true-MPPT method is very similar to the P&O as, instead of perturbing the voltage, it
perturbs the switch frequency of the input DC/DC converter. The NH2D0245 (INOW]I) reported in Table
3 uses this technique.
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Figure 24. P-V characteristic curves from the DC electrical generator placed in the WEC presented in P.[59] showing
the principle of operation of the perturb and observe (P&0O) MPPT method.
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The impedance matching is an evolution of the resistor emulation that includes a closed loop to
dynamically update either the duty cycle ot the frequency of the input DC/DC convertet to reach the MPP.
Toh et al. early designed in [115] an impedance matching system to follow the MPP of a rotating EH device.
A control loop measures the input voltage at the boost converter and obtains an input current reference by
knowing the desired system’s impedance (Ra=Rg). The existing boost input current (Iiv in Figure 23) is
measured using a sense resistor and later amplified and filtered. From the difference of the input and the
desired currents a PI control provides the new duty cycle of a PWM that controls the main boost. For this
work, a microcontroller (PIC18F452 — Microchip) was used as energy supervisor to implement the PI and
generate the control signals. Other impedance matching methods can be found in [116] for a low-power
fast-varying EH source such as a PZT vibrating at 40 Hz.

3.2.3. Implementation of the FOCV Technique and Related Works

There are two ways to implement the S&H function in a FOCV-MPPT circuit: resistor-based or capacitor-
based. The implementation of both circuits is analyzed and reviewed below. The focus is on how different
papers deal with the implementation of a fast sampling rate (Arepr = 1 Hz), applicable to fast-varying sources
such as a WEC, and dedicated to low-power EH sources (input power below 10 mW). Table 5 later
summarizes the main characteristics of the reported FOCV works, describing the EH source and frequency,
input voltage range and sampling technique, timings, and control signal strategy.

Resistor-Based FOCV Technique

In resistor-based FOCV, a resistor divider is used to generate the desired fraction of I"oc and then stores
it in a small sampling capacitor (Csamp). Figure 25.a shows the block diagram of a standard PMU with
resistor-based FOCV-MPPT, such as the ADP5091/2. An EH source (WEC model) is connected at the
input whereas an ESE and a load are connected at the output. The figure focuses on the S&H circuit of the
MPPT controller, which is higlighted in grey. However, it is noted that the PMU includes other
funcionalities such as the energy supervision (ES) of the system, the power extraction (PE) from the EH
source, the storage interaction (SI) with the ESE and the voltage supply (VS) to the LOAD (e.g. a sensor
node). Figure 25.b shows the evolution of the voltages 1”’Gen and "oc (defined in Figure 25.2) during two
sampling events. The sampling period (Typer), which is the inverse of the sampling rate (Arppr), is composed
of the sampling time (%samp) and the harvesting time (#arv).

At the PMU input (I”Gen), a capacitor Ci is placed as a buffer between the PMU and the EH source.
Further, two more capacitors (C; and Cj) are placed at the ESE (Iat) and LOAD (I"1.04p), respectively.
At each sampling event, the PMU IC opens the switch 1 and closes switch S during #amp. Thus, Vex
rises to Voc, the desired /vpp appears at the output of the resistive divider formed by Ri and R» and is
stored at Csamp. Then, during #arv, S1 closes and S2 opens, and the PMU forces [1x to the last sampled
value of ["ypp by periodically moving energy from Ci to C; and Cs.
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Figure 25. Resistor-based sample and hold (S&H) implementation of a FOCV-MPPT technique. a) S&H circuit. b)
Voc and Vgen evolution during two sampling intervals.
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The Everlast system was early presented in [117] consisting in a solar-powered wireless sensor node. A
custom circuit is designed with the sampling events controlled by an IC timer (555) generating pulses at 10
Hz and 5% of duty cycle (fuarv = 100 ms and %anp = 5 ms). The input converter is controlled by PFM and
the ESE is a 50 F/ 5V super capacitor. A step-down converter and an LDO regulator feed the uC and the
sensors respectively.

Shao et al. designed in [105] a PMU to harvest energy from PV panels and feed an AS node. The PWM
is used to control a DC/DC input converter. A 60 mAH / 4 V Li-ion rechargeable battery acts as the ESE

and a regulated output feeds the node. In this work, an IC timer generates the sampling pulses of 300 Hz
and 1 % of duty cycle (3.33 ms and 33 ps).

A full-wave rectifier AC-DC converter is used in [118] to capture energy from a PZT device vibrating at
80 Hz and 7 m/s2. A boost converter later acts as the power extraction module applying a FOCV-MPPT.
A ring-type oscillator is used as the sampling controller refreshing the MPP every second with a sampling
time of 15 ms. The ESE and the load ate simply a 100 pF capacitor and a 1 kQ resistor respectively.

An advanced technique is implemented in [119] for PV applications. The main boost converter captures
energy from the panels and stores it in a small output capacitor of 1 mF. Changes in the solar irradiance are
detected in the input voltage using a custom circuit that makes the MPPT sampling period variable around
an average of 25 ms. The sample time is not specified.

Capacitor-Based FOCV Technique

In capacitor-based FOCV, [“oc is stored in a first sampling capacitor (Csi) which is then connected to a
second capacitor (Csz) chosen such that the final voltage after charge-sharing is the targeted fraction of
Voc. Figure 26 shows the block diagram of a standard PMU with capacitor-based FOCV-MPPT. As in
tigure Figure 25.a, an EH source (WEC model) is connected at the input whereas an ESE and a load are
connected at the output. The figure focuses on the S&H circuit of the MPPT controller, which is higlighted
in grey. The rest of the PMU fuctionalities are represented in the white box (as in Figure 25.a). For the
capacitor-based FOCV, the evolution of the voltages "Gen and "oc can be seen in Figure 25.b (same
behavior as in resistor-based).

For this technique, shown in Figure 26, four switches are used. Switches §; and §3 use the same control
signal whereas switches S2 and S4 share a control signal opposite to that used in the first pair. At each
sampling event, the PMU IC opens the switches 1 - §3 and closes the 52 - Sy during samp. Thus, IGen rises
to "oc, Gsi holds this voltage and Cs; gets totally discharged. Then, the state of all switches is changed and
Cs1is connected to Cs, chosen such that the final voltage (I/ypp) after charge-sharing is the targeted fraction
of Voc. Finally, during #arv, the PMU forces 1 to the last sampled "vpp by periodically moving energy
from C; to C; and Cs.

In [120], a boost converter is used to harvest energy from a thermoelectric generator. The input voltage
is relatively low (< 150 mV) and the application works just up to 2.7 mW of input power. A clock signal
controls the sampling period and time of 20 ms and 4 ms respectively. In this work, a 10 uF capacitor is
used as the ESE and two capacitors of 1 nF are used as Cs; and Cs, achieving the typical ratio of 50% for
TEGs.
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Figure 26. Capacitor-based sample and hold (S&H) implementation of a FOCV-MPPT technique.
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Dini et al. designed, in [121], a custom circuit to harvest energy from different EH sources simultaneously.
It is based on a boost input converter, an LDO that allows a regulated output and a 33 uF capacitor as the
ESE. By selecting different values of Csz, the MPP ratio can be selected for different input EH sources. A
clock signal controls an extremely low sampling time of 2 us and a sampling period of 150 ms. The size of
the sampling capacitors is not given.

Another implementation was presented in [122] for PZT EH sources vibrating between 20 and 200 Hz.
In this work, the pulses of the EH’s rectified [’oc are used as the sampling control signal making the Amppr
variable and adaptable to the source’s frequency. Every 50 cycles (1 s in the test) the PMU opens the EH
output and samples its ["oc dutring one cycle (20 ms). The sampling control signal is then implemented with
a peak detector in the buck-boost input converter.

A simulated resistor-based circuit is presented in [123] with a sampling control signal whose frequency
increases with the available energy at the harvester input. By using several comparators and a clock signal,
this work achieves an average sampling period of 4 ms with a sampling time of 16 us. The selected Csi and
Csz are 1.6 pF each. The structure of the system uses an input boost converter as energy extraction module
and a consecutive buck converter for the voltage supply. The ESE and the load are simply a 1 uF capacitor
and a 100 kQ resistor respectively.

A complex method was implemented in [124] for different selectable DC input sources, achieving a very
short sampling time and period (1 us/10 ps). The control signal is generated using a digitally controlled
oscillator circuit.

Finally, in [125], this technique was implemented in a hybrid PMU with 4 selectable DC EH inputs. It is
a custom system designed to feed low power AS nodes with an ESE of hundreds of microfarads. In this
case, the capacitor-based FOCV-MPPT technique is applied at each EH source with a fix sampling time
and period of 86 ps and 25 ms respectively. The control signal is implemented with an internal logic
sequence and the size of the sampling capacitors is around 2.7 pF.

Ref. EH source(s) and freq. Input Voltage  Technique tsamp / TmppT Control signal strategy
[117] Solar PV 2-5V Resistive 5 ms /100 ms IC timer (555)

[105] Solar PV 2-4V Resistive 33us/3.33ms IC timer

[118]  Vibration-PZT @ 80 HZ 1-3V Resistive 15 ms/1s Ring-type oscillator
[119] Solar PV 01-3V Resistive Variable ~ n/a /25 ms Irradiance change detector
[120] TEG 20 -150 mV Capacitive 4 ms /20 ms IC timer

[121] Selectable DC source 40mV -25V Capacitive 2 us /150 ms IC timer

[122] Vibration-PZT @ 20-200 Hz 1-7V Capacitive Variab.~20ms /1s Peak detection

[123] Simulated DC source 0-0.5V Capacitive Variab. Nﬁlf ks /4-8 Adaptative with input energy
[124] Selectable DC source 0.25-11V Capacitive Tps /10 ys Digitally controlled oscillator
[125] 4 different DC sources 03-08V Capacitive 86 pus /25 ms Internal logic sequence

Table 5. Fast-sampling FOCV-MPPT works for low-power energy hatvesting systems.

Table 5 summarizes the reported publications for both techniques. In general, resistor-based circuits offer
greater precision in the MPP tracking and require a smaller number of switches. On the other hand,
capacitor-based circuits allow a fast charging of the sampling capacitor, leading to a drastic reduction of
#samp. The main drawback is the potential for parasitic interference and charge injection at the small sensing
capacitors.
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3.2.4. Increasing the Sampling Rate in Resistor-Based FOCV-MPPT Techniques

Some sources, such as WEH or WEC, require fast tracking of the MPP because I"oc shows relatively
rapid variations. For example, [40] and P.[41] present a WEH and a WEC respectively, each with "oc
oscillating at around 1.8 Hz; this is fast-varying compared to other types of EH sources such as
thermoelectric or PV devices. In P.[42], we experimentally demonstrated that, by increasing the sampling
rate in a WEC oscillating to 2 Hz, the harvested energy improves by up to 25%. A similar conclusion was
reached in [126], where an increase of 22 % and 44 % of the extracted energy was achieved for weakly- and
strongly-coupled piezoelectric vibration EH sources, respectively

This can be understood with the aid of Figure 27 (zoom-out of figure Figure 25.b). It shows a sinusoidal
Voc waveform with positive offset and petiod (Trn) as well as the Iapp (50 % of 1Voc in this example).
This I"oc is similar to that obtained in P.[41] and shown in Figure 16. The evolution of the output of the
EH source (I7gen) is also represented (except the detail of the sampling instants) for three different Tvppr
using a FOCV-MPPT technique. Tayppr of 12, 3 and 0.1 samples per period of the sinusoid are represented
with red (I"Gent), blue (I7Genz) and green (I7Gens) lines respectively. [Gen is held constant between the
sampling instants. As can be seen, the faster the sampling rate, the more time I“Gex spends near [“ypp and,
therefore, the more energy will be extracted.

However, as can be seen in more detail in Figure 25.b (inset zoom), some time is spent in the sampling
event (%amp), during which the EH source is open-circuit, and no energy is harvested. During &ame, I'Gen
reaches oc, follows it, and finally drops to the new wpp. This voltage is then held during a time #arv
until the next sampling instant. Since Zawmp is fixed to a minimum time, as required by the S&H circuit to
settle to the new MPP, increasing Arppr reduces #iarv and thus the time percentage of harvesting energy
from the EH source. So, there is a trade-off in increasing the sampling rate.

Table 5 summarizes some resistor- and capacitor-based FOCV-MPPT works that deal with a relatively
fast sampling rate. Typpr down to some milliseconds are reported, which would be enough to properly track
the operation point of a WEC such as that presented in P.[41] (results shown in Figure 16). For example, a
Taepr of 50 ms sampling a WECs output voltage oscillating at a Ten of 0.56 s (1.8 Hz) would mean around
10 samples per period. Nevertheless, works presented in Table 5 are mainly on-chip complex solutions
incorporating significant power losses which may not pay off for the increase of energy obtained in
following the MPP closer. Furthermore, in many cases, details of the implementation of the S&H circuit
are not provided.

Table 3 summarizes several companies offering PMU ICs with FOCV-MPPT capabilities for very low-
power EH applications. The BQ25504/5 and the ADP5091/2 offer a fix Twppr of 4-16 seconds, which is
extremely slow for tracking some EH sources. The AEM30330 offers a Tywpr down to 18 ms with a Zamp
of 3.8 ms, which represents 20% of the operation time and drastically reduces its overall efficiency. No
specific details of their implementation are provided eithet, so it is not clear which S&H method is used. .
To conclude, there is a lack of commercial products designed for EH sources in which a fast update of the
MPP is required.
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Figure 27. Sinusoidal Voc waveform with positive offset for a harvester (black line), the corresponding Vaer (V2 Voc)
and the EH output (Vgen) for three sampling periods (green, blue and red lines) using the FOCV-MPPT method.
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Limitations for Speeding Up the Sampling Rate

Resistor-based FOCV-MPPT circuits generally offer greater precision in the MPP tracking and require a
smaller number of switches. This makes them more appropriate for ultra-low power EH applications. In
this section, limitations on speeding up the fppr using these circuits are analyzed. Nomenclature shown in
Figure 25.a is used for this purpose.

To increase the sampling rate, Typpr must be reduced, which is composed of both &ame and #iarv. To
avoid decreasing the harvested energy, samp must be reduced proportionally. Therefore, the sampling ratio
defined as

_ tsamp

(12)

re =
5 Tuppr
should be kept constant. This sampling ratio is commonly kept below 2% in commercial PMUs. During
tsamp, Csavp must be updated to a new value of ["ypp. In order for the error in the sampled voltage to be
e.g. <1 %, we require the charging ratio defined as

tsamp
r, = S (13)

to be higher than 4.6, where 7 is the capacitor’s constant of charge given by

T = RryCsamp (14)

Rr is equivalent to Ry in parallel with R, assuming the equivalent output resistance of the EH source (Kg)
neglectable (Figure 17). Thus, for a fixed value of 7c, a reduction of #anp implies decreasing 7 and therefore
either Ry or Csanp.

On the one hand, Rru can be decreased by reducing the values on the sampling resistor divider. This leads
to an increase of the wasted power (reduction of the global efficiency in the PMU) because the resistor
divider is always connected to ["Gex. Thus, a significantly high resistor divider (Ri+Ra >> Rg) is required,
to also attain an accurate [“ypp. On the other hand, reducing Csamp has two potential limitations. First, it
should hold "y during #ary in spite of any leakage current at the PMU pin connected to Csanp. Second,
Csamp should also deal with the charge injection produced by at the nearby switch.

As an example, the resistor-based FOCV-MPPT circuit suggested for the ADP5092 does not deal with
these issues and offers relatively large sampling times and petiods of #aye = 256 ms and Twperr = 16 s (15
= 1.6 %), which are inadequate for applications requiring a fast-sampling. This is probably due to the

suggested values for Ri+R; (20 MQ) and Csamp (10 nF), leading to 7= 50 ms), so that 7c = 5.12.

Reported Solutions for Speeding Up the Sampling Rate

Several ideas can be found documented to address these limitations (some of them previously reported
in Table 5), but they are complex and give few details on the implementation of the S&H circuit. A solution
to deal with the problem of leakage on Csamp was presented in [119] and [125] and is shown in Figure 28.
Both works share the same idea even though [119] is resistor-based and [125] is capacitor-based FOCV-

Voc/N

VOC t | 4
- 2.7pF| Csmp Cdiv
i
i
i
i
i

t ADC Latch
)

:‘ Latch EnableI _E_n_a_b_le
;Enable Sample Divide

| Pulse Pulse

=
Divide | ADC|

Sample !
Pulse ! Enablei

Pulse

——

I Logic and Sequence

vV~

Figure 28. S&H circuit proposed in [125] for the capacitor-based FOCV-MPPT technique.
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MPPT. It consists in comparing the sampled "mep (I7oc/N in Figure 28) with a number of fixed voltage
references from a resistor string and choosing the closest one as the new [“ypp. This is a complex solution
requiring a comparator in [119] or a digital ADC in [125], which also adds to the error of the resistor string
accuracy.

A solution for the problem of the charge injection on Csamp was proposed in [121], where a pair of dummy
switches driven in counter phase mitigate the increase of voltage on the sampling capacitor.

Finally, in [127], Shrivastava et al. suggested adding a third switch to the standard resistor-based S&H
circuit as that shown in Figure 25.a. This switch, connected between the EH source and the resistor divider,
disconnects R; during #arv, leading to a reduction of power loses. Then, the resistor divider can also be
decreased to reduce the time of charge of Csamp and allow faster sampling rates.

3.3. Proposed Fast-Tracking Resistor-Based FOCV-MPPT Techniques
and Circuits

A WEC such as one of those reported in section 2.3 embedded on a WO will ideally respond with a
voltage output similar to that shown in Figure 16. This OC voltage consists of a waveform oscillating
between 1 and 2 volts at around 1.8 Hz. To track the MPP of this kind on fast-varying EH sources with at
least 10 samples per petiod (Ten = 0.56 s) a fast sampling period of at least 50 ms is required. Other fast-
varying sources vibrating at higher frequencies may require even lower Typpr. In this section, the
contributions made within this thesis to prove the necessity of increasing the sampling rate in fast-varying
EH sources are presented in subsection 3.3.1. The proposed techniques to meet this necessity and their
implementation are in subsections 3.3.2 and 3.3.3 respectively. Finally, subsection 3.3.4 reports some
experimental results.

3.3.1. MPP Fast-Tracking Necessity

To demonstrate the necessity of increasing the sampling rate of PMU working with fast-varying EH
sources, we have conducted three experimental tests, each reported in different publications.

First Test in a Controlled Sea Area

The double-pendulum WEC reported in section 2.3 (model Figure 14.b) was embedded in a WO and
deployed in a monitored sea area (Figure 31.a) with incident waves composed of an Huo of 1.43 m and an
T2 of 3.45 s (measured with an ADCP). The commercial ADP5092 was used as the PMU with a 50%
resistor-based FOCV-MPPT technique. The sampling parameters were those found by default (amp = 256
ms and Tywpr = 16 s). The configuration of Figure 21.a was used with a 2.2 Ah and 3.6 V Li-ion rechargeable
battery connected to BAT and no load. A real-time monitoring system was designed to measure the PMU
input and output voltages and currents (I”Gen, Iin, Isar and Iour defined in Figure 21.a) and to estimate
the rotation in the EG shaft. From these measurements, the PMU input (Piv — output of the WEC) and
output powers (Pour — input of the ESE) were obtained. The measurement system also includes an IMU
to study the motion of the drifter and a Wi-Fi module for real-time data communication at short distances.
The whole measurement system and setup is described in P.[59], which is included in appendix A2.

Figure 29 shows the results we reported in P.[59], where 140 seconds of acquired data are included. The
first plot show ["Gen together with the EG rotation, which is averaged over time intervals of 6 s to reduce
their high variability. The global average rotation speed was 437 rpm. The different MPP levels forced by
the PMU can be appreciated in “gen. The PMU efficiency (averaged for 20 s intervals) is shown in the
second plot, ranging from 70 to 90 %. Finally, the third and the fourth plots show PN and Pour with average
values of 225 and 179 uW respectively.

Although the WEC worked properly under the wave excitation and the PMU charged the ESE with a
mean power of 179 uW, the proper track of the WEC’s MPP resulted questionable. A stochastic and
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pulsating Pin, with an average frequency almost equal to that found on the drifter’s angular velocity (pitch),
resulted from the WEC’s output. Therefore, a Tywppr of 16 s is not suitable to track the MPP. We also
observed that when the electrical generator rotated at low motion or even stopped instantaneously, I'Gen
felt to 0 V. At this moment, Pix drops to zero during the next 16 seconds and no energy is harvested until
the MPP is updated again. The reason for this is the sampling of a null Voc, which drastically drops the

overall PMU efficiency.

Second Test in a Wave Flume

Using the same configuration and set-up as in P.[59], we deployed the WO in the wave flume (shown in
Figure 7.c.) under the excitation of regular waves of 30 cm height and 1.25 s period. The commercial
ADP5092 was set this time with two MPPT configurations; the FOCV with the default sampling values
(fsamp = 256 ms and Twper = 16 s) and the CV at 0.4 volts (most suitable MPP according to previous
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Figure 29. First test in a controlled sea area. From top to bottom; 1) PMU input voltage (Vgen — orange — left axis)
and generator shaft rotation (purple — right axis). 2) PMU averaged efficiency (red). 3) PMU input power (P~ - Blue).
4) PMU output power (Pour - Green). For the powers, the mean value is shown with a solid line.
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Figure 30. Second test in wave flume. Plots 1) and 3): PMU input voltage (Vgen — orange — left axis) and current (/in
— dark blue — right axis). Plots 2) and 4): PMU output power (Pour — green). Plots 1-2 are for the FOCV technique and

3-4 for the CV technique.
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characterizations). Results are reported in P.[95] and shown in Figure 30 where the PMU input voltage
(IVGen) and current (Iiv - WEC output) and the PMU output power (Pour - ESE input) are shown. In the
CV configuration, the PMU held I"vpp at 0.4 V and charged the battery with a mean power of 0.208 mW.
In the FOCV configuration, different ['vpp were set according to each measured [oc. In this second case,
the PMU charged the battery with a mean power of 0.264 mW. Even though the power harvested in the
FOCYV was higher, the PMU did not follow the fast dynamics of the WEC, appreciable in the current input.
Further, during the first 35 seconds (almost two sampling periods), the input voltage was nearly null for the
FOCV. The reason for this is that the PMU sampled two consecutive null voltages for ”oc (generator not
spinning). So, although the generator of the WEC device started to rotate and thus provide current to the
PMU, the generator output voltage (I'Gen) and thus power (input for the PMU) were null.

Third Test in a Linear Shaker

A wise method to state the necessity of increasing fuppr was presented in P.[42]. The double-pendulum
WEC reported in section 2.3 (model Figure 14.b) was now attached to the linear shaker shown in Figure
31.a with its pendulum aligned to the movement axis. The shaker was forced to oscillate with a peak-to-
peak acceleration of 0.3 g and a frequency of 2 Hz. The commercial ADP5092 was again set with two
MPPT configurations; the FOCV with the default sampling values (samp = 256 ms and Typer = 16 s) and
an emulated fast FOCV. In this second configuration, a signal synchronized with the shaker motion and
previously tuned to the desired levels was given to the PMU as [“ypp reference. Therefore, the PMU
emulated a fast FOCV method without the necessity of sampling I“oc. Results showed that harvested
energy improves by up to 25% by providing an "vpp signal that nearly matches half the open circuit voltage.
Therefore, we stated the necessity of implementing a circuit with a fast refresh of the MPP for fast-varying
sources such as WEC.

Figure 31. Proving the need for fast-tracking MPPT: a) Deployment of a WO in a controlled sea area, b) Test of the
WEC on a linear shaker.

3.3.2. Proposed Resistor-Based FOCV-MPPT Techniques

Within this thesis, we proposed three new circuits to increase the sampling rate of resistor-based FOCV-
MPPT techniques and thus improving the efficiency of low-power PMU dedicated to fast-varying EH
sources. Specifically, in P.[128] we used a commercial PMU IC with additional low-power circuitry to adapt
its sampling parameters. The main objective was to take advantage of the robustness and ultra-low power
consumption of a widely-used PMU IC while drastically increasing the sampling rate. Also, a novel FOCV-
MPPT method was introduced and validated which, to the best of the authors' knowledge, had not
previously been reported.

A typical configuration of the ADP5092, such as the one found in its evaluation board (EB-ADP5092),
was used as the reference configuration to be compared to three new proposed and fast-sampling PMU
configurations where Typpr was greatly reduced. Figure 32 shows schematics of the 3 new PMU circuit
together with the reference configurations. The WEC model reported in P.[59] was used as EH input and
a 165 mAh - 3.7 V Li-lon polymer battery charged at 3.8 V was used as ESE. No load was connected to
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Figure 32. Proposed PMU configurations: Reference (top left), A (top right), B (bottom left), and C (bottom right). All
configurations include the WEC electrical model as the input source and an ESE as the sole output load.

SYS. In the proposed configurations the MPPT pin was left floating since Iypp is provided to Csanp at the
CBP pin through the external switch 3, which works as described in Section 3.2.3. Next, the particularities
of the proposed configurations are described.

1) Config. A. A Single Pole Double Throw (SPDT) switch S12 connects 1”gen with either 1y or the resistor
divider. During #anmp, 1Gen connects to the resistor divider, leaving /1x floating. Then, during farv, S1i2
connects again [“gex with I/1n, disconnecting the resistor divider to avoid losses. So, K1 and Rz can be small
to reduce samp and to achieve a fast MPPT while resistive power losses are kept low.

2) Config. B. An operational amplifier (OA) working as a voltage follower was included with a series resistor
(Riso) to faster stabilize its output (I7oa). Csanp is directly charged from the OA output, so that its charging
time mainly depends on the slew rate (SR) and bandwidth of the OA. Thus, Ri and R can be increased
again to minimize losses without affecting Zamp, as long as the effect of the OA small input parasitic
capacitance (Coa) 1s small enough.

3) Config. C. During #anmp, S12 connects [/Gen to an impedance reference Rz (=Rg), so that I'prv and /vpp
remain as [oc/2. Thus, the WEC must be previously characterized to know Rg and this value should not
change significantly over time. During #iarv, S12 connects ’Gen to [1n, disconnecting Rz. Given Ry is
small, zanp can be drastically reduced. This configuration is in fact a novel MPPT method not reported in
eatlier works and inspired in a working mode of the e-Peas chips. It combines the MPPT techniques of
resistor emulation [116] and FOCV.

The same sampling control signal is used for all three proposed configurations. Figure 33 shows the
implemented circuit based on a relaxation oscillator (RO) using two comparators (CMP). With the
appropriate resistive and capacitive components (Ro1, Roz, Ros, (o1 and Cx), the first stage generates a
squared wave (I4) while the second stage generates the desired sampling control signal (I'pursk).

_________ v
F—wdl T
R23 |
e Tivppr->
VPULSE| VTULSE
|
Il S S S S R _ROJ _—>‘ e tsamp

Figure 33. Relaxation oscillator (RO) for the generation of the sampling control signal.
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3.3.3. Implemented Resistor-Based FOCV-MPPT Circuits

In P.[128] we also reported the implementation of the proposed circuits. A generic modular circuit board
was produced to hold the three proposed PMU configurations, which included the ADP5092 IC, the
additional sampling circuitry and the RO circuit (respective boxes highlighted in Figure 32).

Table 7 lists the important components used for each of the four PMU configurations while Table 6
details the components for the RO circuit. Figure 34 shows the implemented board. The active components
of the proposed configurations were carefully chosen to be low-power. For the OA, a MAX40007 (Maxinz,
0.7 uA of typical supply current, rail-to-rail output) was selected. A MCP6542 (Microchip, 0.6 uA) includes
both comparators of the RO circuit. In addition, a low switching time and on-state resistance (Ron) are
sought for the switches. In particular, Ron << Rg for S12 and S1 to reduce losses during #arv and for Siz
in config. C to set an accurate “ypp during samp. A low charge injection is sought for $3 to minimize its
effects at Csamp after the sampling time. For S12,a MAX4714 (Masxcim, 0.04 uA, 13 ns, 0.6 Q) was selected,

for §1 a MAXA4716 (Maxim, 0.04 pA, 12 ns, 0.3 Q), and for 53 a MAX4594 (~0.02 pA, 25 ns, 6.5 Q, 2pC).

According to the values in Table 6, a Typer of 24 ms was selected to have a relative high sampling rate
and a &amp of 0.5 ms to have 75 = 2.1 %, similar to that of the reference config. (1.6 %). According to the
values chosen for the S&H circuit, the resulting 7 and ¢ are reported for each config. at the end of Table
7. Specifically, in config. A, Ri and Ry were lowered to 100 k€ (10 MQ in the reference and B config.) to
lower 7and still have negligible losses and an accurate ["ypp. With Csamp also lowered to 1.2 nF, 7= 60 s
and thus 7c = 8.3, large enough to let I"vpp to settle within &amp. In config. B, the OA buffers Csamp and 7
was thus calculated as RruCoa (Coa = 1.5 pF), which allows keeping high values for Ry and R» and still
achieve a low value of 7, in particular 7= 7.5 pus (rc = 67). Here, the OA SR (12 V/ms) needs also to be
considered for the chatrging time of Csamp. Config. C uses Rz = Rg (127 Q, 0.1%) and thus 7= 0.7 ps
(accounting Ron of S3 too) and 7c = 700, much higher than needed.

Ref. config.  Config. A Config. B Config. C RO
PMUIC  ADP5092 ADP5092 ADP5092 ADP5092 CMP MCP6542
S2/ S = MAX4714 MAX4716 MAX4714 R21 2 MQ
S - MAX4594 MAX4594 MAX4594 Rz 1MQ
Ri/ R2 10 MQ 100 kQ 10 MQ = R23 5 MQ
OA - - MAX40007 - Co 33 nF
Riso = = 3.3 kQ - Ca2 1.2 nF
Rz - - - 127 Q
G 10|01 uF 10|01 uF 10| 0.1 uF 10| 01 uF OSI;JI:;I:‘,OS.. Component list for the relaxation
Csamp 10 nF 1.2 nF 10 nF 10 nF
(@ 220 uF 220 uF 220 uF 220 uF pwlTI:Iﬁm
G 47 uF 4.7 uF 4.7 uF 4.7 uF gr 1§
Tnppr 16 s 24 ms 24 ms 24 ms
tsamp 256 ms 0.5 ms 0.5 ms 0.5 ms
rs 1.6% 2.1% 2.1% 2.1%
T 50 ms 60 us 7.5 ps* 0.7 us
re 5.1 8.3 67 =700

Table 7. Component list for each PMU configuration. *Calculated

. . . . Figure 34. Implemented circuit board to
with the OA input capacitance instead Gsamp.

hold the three proposed PMU configurations.
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3.3.4. Performance of the Circuits

Some of the results we reported in P.[128] are briefly summarized in this section. Further details on the
set-up of the test or on the analysis of the results are found in the paper.

To assess the differences in the performance between the three configurations, a function generator was
set to provide a sinusoid with a voltage in the range 1-3 V and a frequency of 1.8 Hz, emulating a small-
scale WEC under sea-wave excitation (highlighted in an orange box in Figure 32). An external series resistor
is added to that of the function generator to obtain the desired value to emulate the WEC’s Rg (127 Q
characterized in P.[59]). For the ESE (highlighted in a purple box in Figure 32), a 165 mAh - 3.7 V Li-Ion
polymer battery charged at 3.8 V was selected and no load was connected to SYS. A four-channel
oscilloscope was used to measure the voltage test points defined in red in Figure 32. In this test, the input
power is higher to that given by the WEC seen in previous results.

Config. A [ TMPPT =24 ms]
= T T T T T
b L. -
z 2
o
> 0 I 1 I I I ! ! 1 I
-1 -0.8 -0.6 0.4 -0.2 0 0.2 0.4 0.6 0.8 i
T 1 | ' ' ' | 1,y=7.557 mA ' |
= s5H |, (N
- 0 I I I 1711 I T I
-1 -0.8 -0.6 0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Time [s]

Figure 35. Performance of the config. A PMU using the fast FOCV-MPPT with Typpr = 24 ms. From top to bottom;

1) PMU input voltage (Vgen — orange), 2) PMU input current (/ix — green), 3) PMU output voltage (Vaar - Blue) and 4)
PMU output current (lour - purple).

TMPPT= 12.0 ms TMPPT= 241 ms

: 0
Time [s] Time [s]

Figure 36. Performance of the config. A over different Typpr. For all figures, the PMU input voltage (Vgen — orange)
is shown.
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Figure 35 shows two seconds of measured data from config. A (IGen, IiN, ear and Iour), selected as
example. As can be seen, when the PMU opens the source’s output every 24 ms, ["gen rises to oc (1-3
V) during #amp and then settles to 1Voc/2 (0.5-1.5 V) during #iarv, following the behavior shown in Figure
25. During #amp, both Iiv and Iour drop to zero because the PMU is disconnected from the WEC. During
fiarv, Iin is around 1Voc/ (2Ra), thus between 3.9 and 11.8 mA. 17gar shows a small sinusoidal ripple (< 20
mV) due to the variation of Iour and the shunt resistor (3.3 Q) used to measure it.

Second, the performance of config. A over different sampling periods was evaluated. Config. A was
selected for this test as the configuration with the best overall performance given the parameters of Table
7. Six values of Tywppr were selected (12, 24.1, 61.4, 120.3, 178.1 and 368.6 ms) while %anp was kept constant
at 0.5 ms. To modify Tmppr we just changed the value of Roi. Figure 36 shows the evolution of I"Gex over
the different values of Tnwppr. Results show that as Twppr decreases (fuppr increases), 1”gen follows better
the sinusoidal shape of I"oc. Nevertheless, there is an optimal sampling frequency in which the harvested
power reaches its maximum, which in this case happened at Typpr = 61.4 ms. From this point on, reducing
Thepr, is not worthwhile due to the associated losses of increasing 75 (sanp was kept constant). This could
be slightly improved by reducing %amp and thus 7. Specifically, in config. C, which is the one with more
room for improvement, by reducing Csamp to 1.2 nF (as in config. A), 7 would be reduced to 76 ns. With a
rc of 5, a tsamp of 380 ns could be successfully used without affecting the charge of Csamp. Then, using a 75
of 1.6 % (as in the commercial ADP5092), a Typpr of 24 ps could be used. This is a great increase of the
sampling rate and a great reduction of the time of sample comparing to the previous resistor-based FOCV-
MPPT works reported in Table 5, which can significantly increase the energy extraction even further in
other faster-varying EH sources.

Finally, we compared the performance of the reference config. (samp = 256 ms and Twprr = 16 s) and
config. A with the optimum sampling rate (samp = 5 ms and Typpr = 61.4 ms). The WEC such as that of
Figure 14.b was placed in the linear shaker shown in Figure 7.a to emulate the surge motion of the drifter
under the excitation of waves (1.8 Hz). The WEC was attached to the shaker’s moving platform with the
device’s pendulum aligned to the movement axis.

Figure 37 presents the experimental results of ["Gen and Pour using config. A (left) and the reference
config. (right), with a window of two and nine seconds, respectively. The averaged Pour is also plotted with
a dashed pink line. Config. A opens the input circuit every 64 ms (for 0.5 ms) during which no energy is
harvested (Pour = 0 mW). I"Gen has sinusoidal-shape in concordance with the shaker’s acceleration, as
happened in P.[42]. Pour presents a square sinusoidal-shape following the pendulum’s back-and-forward

Config. A [T

MPPT=61 .4 ms] Reference config. [TMPPT=1 6 s]

T 2.5 T T T T

2.5 T

_Pout -— -mean(Pou')

P . [mW]

Time (s) ) Time (s)

Figure 37. Comparison of the performance between the config. A and the Reference config. Top: PMU input voltage
(Vgen — orange). Bottom: PMU output power (Pour - Black). The mean output power is shown with a dashed pink line.
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motion. Thanks to the flywheel that keeps the generator rotating, Pour only drops to zero during the
sampling time. The reference config. only samples ["oc every 16 seconds so in the window of 9 seconds
shown in Figure 37 (right), just one sampling event can be seen. In this case, Pour drops to zero during part
of every shaker cycle. This happens when the WEC’s 1Voc falls below the current “vpp in which moments
the PMU’s main converter shuts down.

As for the quantitative results, Pouris 4.26 mW and 3.38 mW for config. A and the reference, respectively.
So, config. A improves Pour by 26%. This means harvesting 0.88 mW more power. This percentage match
with P.[42], where the WEC was placed at the shaker with similar excitation and the fast tracking was
emulated by providing an external sinusoidal [ympp.

» In relation with chapter 3, main contributions to objective 2 wete published in “IEEE Sensors Journal
- 20207 in P.[59] included in appendix A.2 and in “IEEE Sensors Conference - 2020 Rotterdans” in P.[42]
included in appendix A.3, that are part of this thesis compendium.
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Chapter 4

LOW-POWER OCEANOGRAPHIC
MONITORING SYSTEMS

Increasing the harvested energy and raising the efficiency of PMUs are crucial factors towards the
autonomy of EH-powered AS nodes. Yet, the optimization of the node’s consumption should be
considered in order to effectively maximize the lifespan of the unit. The most important contributions to
the consumption of an AS node is the current during transmission and that during acquisition. Sleep current
is another important factor because, although not high, it makes up for a significant percentage of time.
Reducing these currents can greatly increase the autonomy of the AS node.

It is mandatory to find the balance between the input energy and that spend on the load. Some recent
works try to dynamically balance the harvested energy with that consumed by the AS node. This equilibrium
is called the energy neutral operation (ENO) point. The objective of these works is to maximize the number
of transmitted packages by measuring the power spent at each transmission and tuning the duty cycle of
the device accordingly. This is achieved by using a predictive transmission power control such as that
presented in [129].

A low-power oceanographic monitoring system mainly includes the uC, GPS and transmission (Tx)
modules and the sensors; e.g. accelerometer or temperature. Depending on its consumption and its duty
cycle, its power supply can be composed either of a battery, an EH source or both. In this chapter, an
analysis is made of how a low-power oceanographic monitoring system becomes an EH-powered AS sensor
such as that of Figure 38. Section 4.1 analyzes the consumption profiles of different low-power
oceanographic monitoring systems. Section 4.2 introduces the ultra-low system we presented in P.[130] for
the ocean waves monitoring, including the method and some preliminary results. Finally, the feasibility of
powering this system with the small-scale WEC is also presented.

Source q Load @
BAT/EH |———p NODE
1 1
R
1 |
é Sens: Acc, Tx &
Temp, ...
Ocean monitoring system g J

Figure 38. Oceanographic monitoring system powered with a battery pack, an EH source or both.
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4.1. Consumption Analysis

4.1.1. WAVY-OCEAN

The consumption profile of the WO from the MELOA consortium is analyzed. This drifter was designed
with the contribution of the work done within this thesis, so its consumption levels associated to its internal
operation stages are presented. The objective is to define the power requitements of a drifter at full
operation.

The WO is an undrogued drifter designed for long-term, offshore deployments consisting in a spherical
shape of 20 cm diameter and 3.7 kg of weight (shown in Figure 7.e and f). This results in an overhang of 5
cm from the SWL in rest conditions, reducing the impact of the wind in the WO’s shell and making it
suitable for wave spectra analysis. The WO includes the Argos Antenna, the Li-Ion battery pack, the PV
cells and the main electronics. It is equipped with two thermistor (temperature sensor) measuring air and
subsurface temperature, an IMU for the wave parameter measurement and a GPS for the current tracking.
By placing the battery pack below the WO’s geometric center, its center of mass is shifted 2 cm downwards,
making it stable and thus ensuring that the antenna is always above the waterline.

In more detail, Argos is a global satellite-based data collection and positioning system dedicated to the
study of the earth’s environment and the behavior of species. For example, Argos communication system
is used in [23] to transmit data from a oceanographic profiling float or in the WO to transmit the drifter
measurements. Argos was developed by CLS, one of the partners of the MELOA consortium and a
subsidiary of CNES (French spatial agency). According to Table 2, most of the drifters use Iridium rather
than Argos for satellite communication. Differences between both communication systems are presented
in [23]. Basically, Iridium provides higher uplink throughput (1000 bits/s) than Argos-3 (latest Argos system
— 400 bits/s) and it has 24 hours coverage while Argos needs the satellite pass prediction. Yet, Argos is
considered for low-power remote devices and includes the functionality of estimating the position from the
transmission using Doppler (250 m accuracy). This makes it very interesting for ultra-low power trackers
placed on small animals or AS nodes because it reduces the need for spending energy on the GPS fixing.

Figure 39 shows part of the current profile of a WO (acquired every 20 ms), where a logarithmic scale is
used for the current to account for its large dynamic range. These data will be published in the MELOA
final report in [66]. The WO is mainly kept asleep at low consumption (marked with an S in the figure).
Once per hour, the main electronics wakes up and starts the IMU acquisition (A). To obtain the acceleration
power spectrum and calculate the wave parameters, 18 minutes of data at 4 Sa/s are acquired. The algorithm
to acquire these wave parameters is described in P.[130] (using a different ocean monitoring system). Then,
the GPS module is activated to fix the position while the two thermistors measure the corresponding
temperature (stage G). The GPS fixing time is variable and depends on the instantaneous satellite
constellation. For comparison purposes with other low power oceanographic monitoring systems described
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Figure 39. WAVY OCEAN consumption profile (black — left axis) and supply voltage (orange — right axis). A zoom-in
of one of the transmissions is shown at the right side of the figure.
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in section 4.1, this time will always be computed as 30 s (80 s in Figure 39 for the first fix). Finally, the WO
uses the Argos satellite network described in [23] to send two messages; the first containing the wave data
and the second containing the temperature and position. To ensure the messages gets to the Argos satellites,
both are sent twice. As the Argos coverage is intermittent, the WO buffers all the messages and transmits
them during the satellite pass. This way, the average number of houtly messages transmitted is four (the
wave and the GPS messages plus one repetition each). Figure 39 shows the transmission of two messages
(T) and a zoom-in of one of them to see its profile consumption in detail (acquisition every 10 us), reaching
up to 650 mA. The transmission reaches two consumption levels, in the first level the message is packaged
and in the second it is sent. Between the different stages (A, G and T) and during the rest of the hour, the
WO is kept asleep.

Table 8 reports the current levels and times spent on the different stages. Other low-power monitoring
systems are included for comparative purposes, which are commented in the next subsections. The column
Avg. current reports the average hourly current consumption of each stage and the column Tot. avg. curr.
reports the aggregation of the average currents of all stages. As for the WO acquiring houtly the wave
spectra, stage A is the most significant in terms of consumption. The total average houtly current is 43.5
mA, which results in an average power of 174 mW assuming a voltage supply of 4 V. The WO is currently
equipped with a rechargeable battery pack of 36 Li-ion cells arranged in parallel with a total capacity of 126
Ah at a nominal voltage of 3.6 V (consumption test reported in Table 8 fully charged to 4V). With this
acquisition and transmitting interval and assuming their full capacity, a lifetime of almost 4 months is
estimated (PV harvesting not included). With this fully operation mode, the WO does not reach long-term
offshore deployments and it can just be used for middle-term experiments. To fulfill deployments of over
one year, the wave acquisition interval can be reduced to 3 measurements per day (instead of 24 — average
power around 45 mW).

Other commercial drifters, such as those reported in Table 2, are briefly analyzed with the little
information given on the technical specifications. The full capacity of the battery pack is again assumed for
all the calculations. The MicroStar (Pacific Gyre - [32]) is fed with an Alkaline battery pack of 15 Ah at 12V
and includes a GPS module and a near-surface thermistor. Accounting for the maximum deployment of
one year, a minimum average consumption of at least 20 mW is estimated. The SVP drifter (Pacific Gyre -

Syst. Stage Current (A) Time (s) Avg. current (A)  Tot. avg. curr. (mA) Voltage (V) Avg. pow. (mW)

A 126.3 m 1082 380m
Wg G 158.5 m 30 132m .y . .
MELOA . =
( ) T 519.7 m 1.5%( 4) 09m
Full Op.
S 4.8 m rest. 3.3m
A 0 0 0
WO G 0 0 0
(MELOA) . 1.45 4 ~5.8
Survival T 380.6 m 0.8*(2) 017 m
S 1.3 m rest. 1.28 m
A n/i n/i n/i
LINKIT G 239 m 30 199.2 u
0.298 4.2 =1.25
(CLS) T 384 m 6.7 71.5
S 28 u rest. 27.7 u
A 14 300 12
C 37 0.5 05u
TD1205P
(TD next) G 26.4m 30 220 0.295 3.3 =1.0
T 46.5m 55 710 u
S 3y rest. 27 u

Table 8. Current consumption report for different low-power ocean monitoring system. n/i: not included. 30 seconds
are computed for the GPS fix time for all platforms even figures show other times.
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[27]) is fed with an Alkaline battery of 56 Ah at 12 V and includes the GPS module, one thermistor and
one weather station for air pressure and wind. Accounting for the maximum deployment of two years, a
minimum average consumption of 38 mW is estimated. Finally, the Voyager (Fastwave - [34]) uses a pack of
12 D-alkaline-cells of 30 Ah at 9 V to feed the drifter electronics including the GPS and a thermistor.
Accounting for the maximum deployment of 300 days, a minimum average consumption of 38 mW is
estimated.

According to Table 8, the WO working at full operation mode has a duty cycle of around 31% (assuming
30 s as a mean GPS fix time), an average power of 174 mW and a sleep power of up to 19.2 mW. This is
far from the typical consumptions of drifters aiming for long deployments and even more so for low-power
AS nodes, demonstrating that the MELOA consortium should further optimize it to reach longer
autonomy. For example, the power levels of several recently published AS nodes are summarized in [39],
where common duty-cycles below 1%, sleep consumptions between 0.5 and 50 pW and average powers
between 0.1 and 0.2 mW are reported.

MELOA consortium has designed the survival mode. This mode is activated when the main battery is
exhausted and the electronics is fed from an EH source (either PV or WEC). This is also reported in Table
8. In survival mode, the main electronics are turned off, as well as the acquisition of the sensors and the
GPS fix. This makes the sleeping current lower. In this mode, a message is sent every hour containing only
the device ID and repeated once. By receiving this message (with no GPS), Argos can estimate its position
with an accuracy of 250 m. The time of transmission is lower because the payload is just the ID of the WO
(no measurements) and the mean current is also lower due to less time in the high current level (650 mA in
Figure 39). With this mode, power consumption is greatly reduced down to 5.8 mW. Although with this,
survival mode does not allow for any measurements so other low-power oceanographic monitoring systems
are analyzed in the following sections.

4.1.2. Satellite Trackers

CLS is now developing the Linkit series, a new family of low-power satellite trackers capable of sending
small-size messages of 32 bytes, containing the location, using the Argos network. The transmission ratio
can be sped up to 10 minutes (144 messages per day). The Linkit modules include the main pC, a GPS
module and the Argos communication transceiver. These trackers also include the possibility of integrating
an ultra-low power 3D accelerometer whose measurements are embedded in its transmitted packages,
making them a very interesting proposal for low-power oceanographic monitoring systems.

CLS kindly provided information on one of these tracket’s consumption, set with the following houtly
routine; (G) wake-up and acquire the GPS position with a timeout of 100 seconds and (T) package the data
and transmit it using Argos network. The acquisition of the accelerometer and thus the calculation of the
wave parameters was not included here. Figure 40 shows the supply current and voltage profiles of a Linkit
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Figure 40. Linkit (CLS) module consumption profile (black — left axis) and supply voltage (orange — right axis) using
Argos as communication system.
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module. The voltage supply is 4.2 V and, as in Figure 39, a logarithmic scale is used for current. Table 8
includes the data of the consumption levels. Even though Figure 39 shows a fixing time of around 70
seconds, that time was set again to 30 s, which according to CLS, is enough for a GPS fix with less than 2-
meter accuracy. The transmission has an average current of 38.4 mA with a peak of 180 mA. This is much
lower than that of the WO because it requires less power in the antenna for transmission. The total average
current is lower than 0.3 mA and the average power 1.25 mW, so much lower than the systems presented
above in section 4.1.1, even compared with the WO in survival mode.

The Linkit device is encapsulated in resin within a box of 12X4.2X2.2 cm weighing around 140 g. It is
designed to reach depths of down to -1500 m to be attached to ocean mammals or oceanic platforms such
as an AUV. With the consumption presented in Table 8 (IMU acceleration not included), acquiring the
GPS and transmitting the position houtly, and with the recommended Li-Po battery of 2.2 Ah, the expected
autonomy of the Linkit is around 300 days (full capacity assumed). Even though the acquisition of the
accelerometer data is not included here, the Linkit series tracking modules are a suitable platform for low-
power oceanographic monitoring systems with a high potential to be fed by EH sources. Nevertheless,
these devices are still in a preliminary phase and CLS is still working on them to improve their performance.

4.1.3. Low-Power Wide Area Networks

Low-Power Wide Area Networks (LPWAN) have recently begun to be used in coastal marine monitoring
because they transmit small-size packages with relatively low power and costs. Among these, LoRa and
Sigfox excel [131]. Some implementations of these technologies are presented below. A LoRa
communication system was used in [132] to transmit temperature and humidity from an Indonesian island.
In [133], authors reached data transmission over the sea at distances up to 28 km by placing expensive
antennas between 50 and 100 meters above the sea level. An interesting LLoRa system was proposed in [134]
for coastal drifting buoys equipped with an embedded system to acquire some wave parameters, although
it has not been fully implemented.

Specifically, Sigfox provides longer communication ranges than LoRa [131], making it more suitable for
marine offshore applications. The payload of Sigfox messages is smaller than LoRa’s, just small amounts
of data can be transmitted, but it is enough for remote marine coastal monitoring. Yet, very few works can
be found using Sigfox; e.g. that presented in [135] aiming to track endangered salmons in Sweden river
zones.

In more detail, Sigfox is a communication technology using Ultra Narrow Band to transmit packages of
12 bytes at a very low byte rate (<100 bits/s) and up to 140 messages/day per device. It is a paid service
that includes both the Base Stations and the Backend Services and works at 868 MHz. For example, the
TD1205P tracker (T Dnexi) is a small-size (30x38x10.5 mm) module that includes an EFM32G (32-bit ARM
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Figure 41. TD1205P (T Dnex?) module consumption profile (black — left axis) and supply voltage (orange — right axis)
using Sigfox as communication system.
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Cortex-M3-based) uC, an ultra-low power 3D Accelerometer, a GPS module and a Sigfox communication
transceiver.

For consumption analysis, a TD1205P module was programed with the following hourly routine; (A)
acquire 300 s of the vertical acceleration (a,) at 5 Sa/s, resulting in 1500 data samples; (C) calculate some
wave parameters using the algorithm described in P.[130] (later described in 4.2), (G) fix the GPS position
with a time limited to 60 s to avoid excessive power consumption; (T) send the data through the Sigfox
network in a 12 bytes message that includes the wave parameters, an internal temperature, the battery
voltage and the GPS latitude and longitude; and (S) returns to sleep mode.

Figure 41 shows the supply current and voltage profiles of the TD1205P module (acquired every 10 ms).
Voltage is 3.3 V and, as in Figure 39, a logarithmic scale is used for cutrrent to account for the large dynamic
range. All stages occur sequentially, with stage S also taking place between stages C and G. Table 8
summarizes the average value of the measured current for each stage as well as the associated time durations
and houtly average cutrrents. For stage G an average time of 30 s is again used. The two main contributors
are stages G and T, whereas the current wasted in the rest of the stages is negligible. The average power is
even lower than that of the satellite tracker presented in section 4.1.2 and much lower than those of section
4.1.1.

With a battery pack of two CR123A-3V connected in parallel providing an overall capacity of around 3
Ah, the estimated life is about 420 days (assuming their full capacity). A significant increase could be
achieved by decreasing the duration of stage G, e.g. by shifting the estimation of the GPS position from
the device to a database. This is a paid setvice offered by some companies [136] but it cannot be
implemented in the Sigfox modules of TDuext, such as the TD1205P yet. Another option would be to save
the current ephemeris during the sleep mode. As we reported in P.[137], stage G can be reduced down to
about 4 seconds at the cost of increasing the current consumption of stage S up to 16 pA. However,
ephemeris is valid for only 4 hours, hence it must be updated regularly. Overall, the battery lifetime could
be almost nearly doubled.

To sum up, Table 8 exposes the power consumption of the WO, the Linkit module (Argos) and the
TD1205P (Sigfox). The WO, at full operation mode, is a relatively high consuming oceanographic
monitoring platform, hardly feedable with EH sources. By reducing the acquisition interval of the
accelerometer to 3 samples per day, the WO consumption can be greatly reduced to levels similar to other
oceanic drifters. The WO survival mode reduces this consumption further but the WO become just a
tracker with 250 m accuracy. The Linkit and the TD1205P modules are low-power solutions for
oceanographic monitoring systems. Even though the acquisition of the accelerometer data of the Linkit is
not included in Table 8, the consumption of both modules is comparable: =30 mA for the GPS fix and
~40 mA for the transmission, with 2 communication time of =6 seconds. The main difference is found in
the sleep consumption; 3 uA for the TD1205P and 28 pA for the Linkit. However, differences between the
WO and these low-power devices are very large. Both alternatives only transmit very small packages of data
and, in the case of the TD1205P, just from near-shore ubications (up to 50 km offshore according to [131]).
Further, the uC computing limitations are substantial; notice the TD1205P could not work with more than
1500 samples (just acquires 300 s).

4.2.  Proposed Low-Power Oceanographic Monitoring Systems

In P.[130] we suggested measuring coastal waves with a low-power, Sigfox-based oceanographic
monitoring system. Specifically, the objective was to obtain the position of a coastal buoy hourly and some
wave parameters using the zero-upcrossing technique (described in 2.1.1) as well as wirelessly transmit them
using the Sigfox network. Given its very-low consumption shown in Table 8, the TD1205P module was
selected for this purpose. Later, in P.[64], we proposed using this same low power device but switching the
power to a WEC source. Some preliminary results demonstrate the potential of the application.
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4.2.1. Estimation of the Wave Parameters

The wave estimation procedure is briefly presented here. For additional information, consult the full
algorithm in P.[130] (included in appendix A.4). As an IMU is not available in the TD1205P but just a 3-
axis accelerometer, the gyroscope data cannot be used to correct the potential tilt of the buoy. Therefore,
the vertical acceleration (a,) is used to reconstruct the sea surface elevation (zp defined in 2.1.1). This
simplification was also used in [138] and proved to be accurate enough. Then, the zero-upcrossing
technique is used to obtain some wave parameters. Given the memory and processing constrains of the uC
(EFM32G), just Hyax and 17 are estimated. Figure 42 shows the steps followed for that.

First, the TD1205P module is programed to acquire 300 s of a, at 5 Sa/s, resulting in a record of 1500
data samples. The gravity effect is then removed from a, by subtracting its mean value, incrementally
calculated as

—DM[i - 1] + a,[i]
i

M[i] = (15)
where 7is the number of the current sample. Second, a discrimination window (DW), consisting in assigning
a zero value to values of , < 5 mg, smooths out accelerometer’s errors due to mechanical noise during flat
sea states. Third, a digital first-order, high-pass filter (HPF) removes the slow motion of the infra-gravity
waves (periods larger than 30 s), resulting in the wave orbital acceleration. The implementation of the HPF
in discrete-time is given by

ylil =a- (yli = 1] + x[i] = x[i - 1]) (16)

where x[i] and y[i] are the data set of samples before and after the HPF, respectively, and a is given by

1

=— — ar
14 2nf.T,

a

where T is the sampling period of the accelerometer data and £ is the cut-off frequency of the HPF. Fourth,
the vertical velocity #, is obtained performing a numerical time integration given by [139]

Uz[i] = Uz[i - 1] +

ali — 1] + ali] 7
fn (18)
with the first value forced to zero. Again, (16) is used to filter v, and zp is obtained by integrating the
velocity using

vl — 1]+ v, li

Zp[i]=ZP[i_1]+MTS 19
with the first value forced to zero. Then, (16) is subsequently applied. Overall, applying three concatenated
HPT's removes the slow motion of infra-gravity waves better. Finally, T is obtained by dividing the time
length of the record by the number of zero-upcrossings in that record. Haax is determined by the difference
of the maximum and the minimum values of the zp record.
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Figure 42. Steps for the estimation of the wave parameters Hyax and 77.
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The TD1205P module was encapsulated for validation test within an IP64 case (83X35%57 mm) that also
included two CR123A-3V connected in parallel. The system was set with the hourly working procedure
previously described in 4.1.3. The data was sent in a 12 bytes message that included Hyax, Tz, an internal
temperature, the battery voltage and the GPS position.

The algorithm was validated on a real sea test by comparing the TD1205P wave results (Hvax and 17)
with that provided by a seafloor ADCP (1 MHz — Nortek), used as a reference. To do so, the encapsulated
system was attached to the upper part of a moored buoy placed at 4 km off the coast. This buoy is above
a 20 meters depth underwater cabled observatory (OBSEA, defined in P.[5]) to which the ADCP is
connected. Mainly, it acquires 10 minutes of wave data each hour, calculates the wave parameters and
transmits the data through the OBSEA network. Both, the encapsulated TD1205P module and the ADCP,
were deployed during the summer of 2020. A correlation analysis between the ADCP and the TD1205P
measurements is presented in P.[130] (appendix A.4) validating the herein designed algorithm. To sum up,
the TD1205P successfully measured some wave parameters using an ultralow power oceanographic
monitoring system which also includes a GPS tracker.

4.2.2. Main Structure and Acquired Data

Given the good performance of the wave measurement system and its low consumption, throughout this
thesis we proposed to go even further and to modify the battery power supply proposed in P.[130] by a
small-scale WEC source. Therefore, we suggest a system such as that shown in Figure 43.

The double-pendulum WEC reported in section 2.3 (model Figure 14.b) is selected here as the EH source.
It is manufactured with a total mass of 300 g and a diameter of 10 cm. The main body is 3D printed with
polyamide and the proof mass is made with lead. The total gear ratio is 35 and the electrical generator is
the 118391 model from Maxon Motors

The improved circuit based on the ADP5092 IC and presented in P.[128] is selected as the PMU. This
circuit implements the 50% resistor-based FOCV-MPPT on the EH source and controls the energy flow
between the WEC, the ESE and the LOAD. Config. A (shown Figure 32) with a Typpr of 60 ms and a
#samp of 0.5 ms is selected as the configuration with the best overall performance.

The Sigfox-based TD1205P module described in section 4.1.3 is selected as the ocean monitoring system
(LOAD in Figure 32). The functionalities of this device are measuring the wave’s Hyax and 17, fixing the
GPS position and transmitting wirelessly the data using Sigfox.

An ESE needs to be placed at the BAT output of the PMU to store or dispatch energy as required. The
ESE also accounts for the instantaneous power peaks of the load generated during the transmission. The
ESE is designed to meet with the following requirements; a minimum capacity to feed the load for a week
of no energy production (later analysed in section 4.2.3), a maximum discharge current capable of fulfilling
the load’s consumption profile (46.5 mA during 5.5 s) and an internal consumption below 1% of the load
average consumption (Ic < 3 pA). The 3/V80H Ni-MH rechargeable battery with a capacity of 80 mAh
and a nominal voltage of 3.6 V meets these requirements.

AS node —

|_ i ESE |
Ecse ,
PMU |

L =

|!_ ‘:7} LoAD|

_”_JJ

Figure 43. AS node as an oceanographic monitoring system based on the TD1205P (7Dnext) device (implemented in
P.[130]) and powered by the WEC designed in P.[59]. The PMU is based on the improved ADP5092 presented in P.[128]
and the ESE is a 80 mAh Ni-MH rechargeable battery
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Figure 44. Hyax and T; measurements using the low-power ocean monitoring system based on the TD1205P (blue)
and using the seafloor ADCP (green).

A similar system to that presented in Figure 43 has already been tested and reported in P.[64]. The only
difference is in the PMU. In this test, a PMU with a CV-MPPT technique based on the ADP5092 IC such
as that we reported in P.[95] was used. The reason for not using the fast-sampling FOCV-MPPT technique
is that, at that time, it had not been fully implemented yet. The whole AS node working as an oceanographic
monitoring system was placed on a moored buoy of 37.5 cm of diameter and 14.5 kg, which means that
the buoy's watetline was at its equator. The buoy was moored above the OBSEA observatory to again take
advantage of the ADCP in terms of comparing wave results.

Figure 44 shows the hourly measured Hyax and 17 using the ocean monitoring system (blue) between
the 7t and the 20% of October of 2020. The same hourly measured parameters using the ADCP are also
shown (green). The figure shows the concordance of the results transmitted by the Sigfox network and
those measured by the ADCP. As we analyzed in P.[130], this concordance is greater for the measurement
of Hwuax than for T7. Note that a strong storm was measured during the 10t of October where the ADCP
measured waves of up to 5 meters (peak not included for better resolution), which is very high for shallow
waters.

During this deployment, an independent power measuring system was also included to monitor the PMU
input and output voltages and currents (I7Gen, Iin, Var and Iour defined in Figure 21.a). From these
measurements, the PMU input (Pin — output of the WEC) and output powers (Pour — input of the ESE)
were obtained. The measurement system also includes an IMU to study the motion of the drifter. A real
time clock (RTC) and an SD module were used to log the data with a sampling period of 100 ms. This is
not enough to measure the fast dynamics of the pendulum but it gives a good idea of the power production.
The measurement system was independently fed by a battery to avoid interfering with the AS node’s
autonomy. The entire measurement system and set-up is described in depth in P.[59], which is included in
appendix A2.

Figure 45 shows part of the logged results obtained from the SD card after recovering the buoy. It shows
about one hour of the 10t of October (marked with an orange box in Figure 44), just when the big storm
started. In the figure, Pix (blue) and 1”sar (orange) are shown, both plotted with a moving average of 100
samples (10 s) to facilitate understanding. During the first 800 second, P is zero probably due to calm sea
conditions. During this time interval, ["sar drops around 3 mV due to the consumption of the TD1205P
or the internal consumption of the battery. Then, the storm started to increase the mobility of the buoy,
Prx rises above the milliwatt level and ["par started to increase. During that hour, the mean Py was 3.935
mW and, during the last 2500 s, the battery voltage increased by 18 mV. During this storm, the measuring
system collapsed and this was the last record of data found in the SD card. Hopefully, the AS node kept
working and the TD1205P kept transmitting the data shown in Figure 44.
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Figure 45. Energy production of the double-pendulum WEC during the storm on the 10% of October of 2020. In this
figure Vpar (orange — right axis) and Pn (blue — left axis) are shown.

4.2.3. WEC-Powered Oceanographic Monitoring Systems Possibilities

This subsection briefly analyzes the long-term feasibility of the system presented in Figure 43 with the
aim of establishing the number of measurements that can be transmitted under standard wave conditions.

Throughout this thesis, the double-pendulum WEC reported in section 2.3 (Figure 14.b) was tested in
different scenarios with different harvesting results. In order to determine the average power that can
potentially generate, these tests are summarized in Table 9 in order of execution. Notice the reported Pour
is the power output of the PMU to the ESE. In the case no PMU is placed it is directly the power given by
the WEC.

Ref. Test Excitation PMU/MPPT ESE LOAD  Pour (mW)
P.[57]*  Wave Tank Reg.waves: 10 cm, 3 s - - 50 Q 0.22
P.[95] Wave flume Reg.waves: 30 cm, 1.25 s FOCV, Twppr=16s  Li-ion, 2.2Ah @ 4.1V - 0.264
P.[59] Sea (free)  Hmo= 1.43m, Tm2= 3.4s  FOCV, Tweer=16s  Li-ion, 2.2Ah @ 3.6 V - 0.18
P.[64] Sea (moored) Hmo> 2m, Tm2= 4-6s (@Y Po-Li, 0.3 Ah @ 3.7V TD1205P 3.93
P.[42] Linear shaker 0.3 g (ptp), 2 Hz Emul. fast-FOCV  Po-Li, 0.3 Ah @ 3.7V - 5.07
P.[128] Linear shaker 0.3 g (ptp), 1.8 Hz FOCV, Tmppr=60ms Li-ion, 0.16 Ah @ 3.8 V - 4.26

Table 9. Summary of the reported experimental results using the double-pendulum WEC shown in Figure 14.b. *In
this article the previous model of the WEC was used. ptp stands for peak-to-peak acceleration.

According to Table 9, Pour strongly depends on the excitation. These results from the linear shaker show
much higher power since the movement is always aligned with the pendulum arm and the WEC works to
its maximum possibility. On the other hand, the first test in the sea reported in P.[59] produced low power
(0.18 mW) because the drifter was not moored. This entails following the free buoy with a boat and thus
requires a relatively calm sea to ensure human safety, which of course does not benefit the collection of
energy. Powers reported in the wave tank and flume are also relatively low compared to those from the
linear shaker because not high waves were forced. However, in the last sea test reported in P.[64], the buoy
was moored and no human interaction was required. During that test, the buoy suffered very adverse sea
conditions and the WEC proved its capability of reaching high Pour also in the sea. Thus, for the feasibility
study of permanently powering the AS node, both the worst and the best-case conditions are considered.
It is assumed a day of strong wave conditions, like those measured in P. [64], and six days of calm sea, like
that measured in P.[59], for a weekly average. The resulting average Pour is 0.72 mW with a production of
61.8 J/day (EL()AD + EESE in Figure 43)

As we proved in P.[128], using config. A (shown Figure 32) with a Typpr of 60 ms and a #anp of 0.5 ms
on EH sources oscillating at around 1.8 Hz, the energy production improves by 26 % comparing to slow
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MPPT techniques. The experiments carried out in the articles found in P.[59] and P.[64] use low (Tnppr of
16 s) or null (CV) sampling ratios respectively. For this reason, an increase of 26% in the energy production
is assumed, resulting in 77.3 J/day.

According to Table 8, the Sigfox-based TD1205P module requites 3.5 J/event, which includes A, C, G
and T and lasts 336 s. The sleep current consumption is 3 uA and the time of sleep is the rest of those used
during all the events. Accounting for 22 events per day, the total spent energy is 77.2 J/day (Eroap).
Therefore, almost one transmission per hour could be achieved with the proposed system. One of the
requirements of the ESE stated in 4.2.2 was a minimum capacity to feed the load for a week of no energy
production (Egsg > 509.5 ]). With the 80mAh Ni-MH rechargeable battery at 3.6 V this stipulation is
successfully met.

To sum up, feeding an ultra-low power oceanographic monitoring system with a small-scale WEC is
feasible. The herein proposed system accounts for an unlimited autonomy with a data rate of up to 22
transmissions per day and is capable of assuming non-harvesting petiods of more than one week.

» In relation with chapter 4, main contributions to objective 3 were published in “IEEE International
Lnstrumentation and Measurement Technology Conference — 2021 Glasgow” in P.[130] included in appendix A.4,
that are part of this thesis compendium.
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Chapter 5

CONCLUSIONS AND FUTURE
WORK

5.1. Harvesting Energy from the Drifter’s Motion

The motion of the drifter can be mainly described with 3 Dol surge, heave and pitch. All of which are
oscillatory, according to the circular path of the sea surface particle under the influence of waves. The surge
includes a superimposed drift generated by the horizontal particle displacement. The heave includes the
buoyancy response of the drifter, which can be described with a mass-spring-damping model. Apart from
the weight and the buoyancy, the drifter is subject to the external forces and torques induced by the wave’s
action. Including these hydrodynamic loads in the mass-spring-damping model turns it into a nonlinear
system. Therefore, the oscillatory response of the drifter in all three DoF will not just include the wave’s
frequency and the natural frequencies from the linear system, but also a wide range of frequencies according
to its nonlinearity.

Through an analytical model developed within this thesis, the natural frequencies of an undrogued
spherical drifter were analysed. The natural frequency of the heave greatly depends on its mass, its size and
the distance between the SWL and its geometric center. The natural frequencies of the surge and the pitch
are coupled, and basically depend on the mass, the distance from the geometric center to the center of mass
and the inertia of the drifter. These results were validated with numerical simulations as well as with
experimental results. If these frequencies are close to the excitation frequency, a resonant response that
amplifies the oscillatory amplitude may result. That is beneficial for EH purposes because, even if a WEC
embedded in the drifter is extremely efficient, the energy it can potentially collect is directly proportional
to the drifter’s accelerations. Therefore, if the drifter can be designed to have the natural frequencies close
to the most common frequencies present in a particular part of the ocean, the WEC has a much higher
probability of harvesting more energy. Nevertheless, this optimization also worsens the performance of the
data transmission, the wave measurement or the GPS accuracy due to the non-vertical alignment of the
drifter. Therefore, it is not a proper approach for this specific application.

Additionally, the captured energy can be maximized without compromising the performance of the drifter
by propetly designing the inner WEC with a natural frequency close to that of the driftet's movement.
Specifically, this can be achieved using parametric excitation in pendulum-type WECs. These WECs
provide highly energetic rotational motion with very simple mechanisms. This is a relatively new approach
with high EH potential. The main idea is based on approximating the heave of the buoy with a sinusoidal
movement which forces the parametric movement of the pendulum. By tuning the pendulum’s physical
parameters, complete rotations can be achieved and thus the WEC’s output power maximized.
Nevertheless, this is not possible for all combinations of pendulum and excitation parameters. Often, the
resulting optimized device is not feasible; e.g. pendulum arms longer than the diameter of the drifter. Several
ideas are reported dealing with this issue; the N-pendulum or the reduced gravity concepts are both
promising ideas for the design of pendulum-type WECs.

Within this thesis we suggested using the natural response of the spherical buoy, instead of forcing its
heave, so as to obtain the parametric equations of an inner pendulum. This results in a much more complex
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problem, not yet studied, because it adds the DoF of the pendulum to those of the buoy. We provided a 4
DoF model which includes the heave, the surge and the pitch of the buoy plus the inner pendulum motion
relative to the buoy. The model was validated through a numerical simulator resulting in an oscillatory pitch
with a time-variable stiffness. With this, the parametric study of this pendulum would be possible using the
proposed system.

Throughout this thesis we have proposed different WECs which comply with the restrictions of the WO
drifter model of the MELOA consortium; the most important being a total diameter below 12 ¢cm and a
maximum weight below 10% of the drifter’s mass (350g). One of these is a double-pendulum WEC. It
consists of an articulated pendulum arm with a proof mass. This mass moves relatively with respect to the
main body, attached to the drifter, with pendulum motion. Then, through a gear system, rotation is
accumulated in a flying wheel which drives a DC electrical generator. The gear system increases the rotation
velocity with a ratio of 35 and, due to a one-way gear mechanism, the flying wheel only rotates in one
direction, at which energy is accumulated. This WEC was manufactured with a pendulum length of 5 cm,
a total diameter of 10 cm and a proof mass of 300 g. After testing several times in various sea conditions,
emulated in platforms, wave channels or real waves, we can conclude it harvests anywhere from hundreds
of microwatts on average with peaks of up to a few milliwatts. One of the benefits of this device is that its
articulated arm allows the WEC to align itself with the direction of wave propagation, thus capturing more
energy. In addition, through the one-way gear system plus the flywheel, it is possible to distribute the kinetic
energy over time, making the rotations in the EG more stable.

Another WEC was designed complying with the requirements of the WO, which is still in a design phase.
It consists of a custom electromagnetic device based on a proof mass rolling in a Tusi circular cavity. The
rolling mass includes an array of permanent magnets that induce currents in a coil winding fixed to the
circular frame. The WEC’s natural frequency was tuned to match with that of the driftet's movement
resulting in a rolling mass of 165 g, a cavity radius of 2,3 cm and a total frame size of around 8 cm. From
the simulation of this WEC under common wave conditions, an average output power of around hundreds
of microwatts was inferred, very similar to that obtained with the double-pendulum.

Thus, pendulum devices with electromagnetic conversions are appropriate for capturing energy in drifting
buoys. Expected power levels in standard sea conditions are in the hundreds of microwatts for devices
below 10 cm in diameter and 300 g of prof mass. The optimization of this power can be done by modifying
the frequency of the WEC to have the natural frequencies close to the most common frequencies of the
drifter’s movement. These frequencies are normally found around 1 Hz in heave and 1.5 Hz in pitch and
surge for buoys such as the WO of the MELOA consortium.

5.2. Power Management

EH sources have proven to be capable of feeding low-power AS nodes. However, a PMU is required to
convert the EH’s variable output to a constant and clean supply to feed the sensor electronics. PMUs
should also manage any power mismatch between the source and the load by including an ESE where
energy can be stored or dispatched as required. An additional function of the PMU is the MPPT, which has
the purpose of continuously ensuring that the maximum available energy is harvested from the EH source.

This thesis reports several wotrks implementing custom PMUs. Normally, a specific DC/DC input
converter is placed for implementing the MPPT of each EH source and one DC/DC output converter for
providing each desired voltage level supply. The interaction with the ESE can either be implemented with
another converter or more simply, with a current limiting switch, for example. To control the entire system,
a low-power microcontroller is sometimes placed, although at times a passive system with or-ing diodes
fulfils this function. At present, several companies offer PMU ICs with all these functionalities for very
low-power EH applications. They are efficient modules which harvest power from microwatts to milliwatts
at very low input voltages with ultra-low quiescent currents.

As for the MPPT, there are many reported techniques which can be divided into two types: true-MPPT
or near-MPPT. The former measures the output power of the EH source continuously, in order to propetly
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update the MPP reference. The latter estimates the MPP and avoids adding measurement circuitry or a
microcontroller that may increase the consumption and reduce the efficiency of the PMU. Due to the very
low power provided by small-scale WEC, near-MPPT systems are more adequate for them. Specifically, the
FOCV method gives relatively good accuracy in tracking the MPP while being simple and not incurring
large losses. Furthermore, unlike other near-MPPT methods, the FOCV method does not require prior
characterization of the WEC. For these reasons, we have leaned toward this method during most of the
tests catried out throughout this thesis.

The FOCV-MPPT method exploits the nearly linear relationship between the MPP and the OC voltage.
Maximum energy is then harvested by fixing the output voltage of the EH soutce to a percentage of this
OC voltage. This voltage is typically sampled with a S&H circuit that can either be resistor- or capacitor-
based. In resistor-based FOCV-MPPT, a resistor divider is used to generate the desired fraction of voltage
and then stored in a small sampling capacitor. In capacitor-based FOCV-MPPT, the OC voltage is stored
in a sampling capacitor which is then connected to a second capacitor chosen such that the final voltage
after charge-sharing is the targeted fraction of voltage. In general, resistor-based circuits offer greater
precision in the MPP tracking and require a smaller number of switches. In contrast, capacitor-based circuits
allow a fast charging of the sampling capacitor, leading to a drastic reduction of the sampling time. The
main drawback is the potential for parasitic interference and charge injection at the small sampling
capacitors.

The output voltage of fast-varying EH sources such as a WEC normally oscillates at the frequency of
motion of the drifter that supports it, which in the case of the WO, is around 1.5 Hz. Therefore, a fast
update of the MPP is required in order to maximize the power extraction. The faster the sampling rate of
the FOCV-MPP, the more time the EH source spends near the MPP and, therefore, the more energy is
extracted. However, some time is spent in the sampling process during which the EH source is in open-
circuit and no energy is harvested. In other words, there is a trade-off on increasing the sampling rate of
the MPPT.

Commercial PMUs rarely contemplate the possibility of a fast MPP sampling and normally offer fixed
sampling periods in the order of several seconds, which is extremely slow to be able to track some EH
sources. Within this thesis, we have demonstrated the need for increasing the sampling rate in fast-varying
EH sources through different experimental tests. The most significant of these consisted in emulating a
fast FOCV-MPPT by providing an MPP reference synchronized with the motion of the WEC and
previously tuned to the desired levels. Results showed that harvested energy can improve by up to 26 % by
using the fast FOCV-MPPT technique.

To increase the sampling rate on resistor-based FOCV-MPPT, it is necessary to reduce the charge time
of the sampling capacitor. This can either be achieved by reducing the values of the resistor divider or the
sampling capacitor. However, there are two limitations. First, reducing the resistor divider values leads to
an increase in wasted power. Secondly, reducing the sampling capacitor leads to an MPP voltage reference
more vulnerable to the capacitor’s leakage current and to the charge injection of the nearby switches.
Different solutions have been reported to addressing these issues but they are quite complex solutions
requiring additional circuitry which also contributes to power loses.

In this thesis, a commercial PMU IC was used with additional low-power circuitry to adapt its sampling
parameters. The main objective was to take advantage of the robustness and ultra-low power consumption
of a widely-used PMU IC while drastically increasing the sampling rate. We proposed three novel fast-
sampling, resistor-based FOCV-MPPT circuits where the sampling rate was greatly increased. The first
includes an additional switch to disconnect the resistor divider during the harvesting time allowing for a
drastic reduction in its resistor values. The second adds an operational amplifier working as a voltage
follower through which the sampling capacitor is rapidly charged. The third uses an impedance reference,
equal to the WEC’s internal one, to implement the resistor divider. Given the small size of these resistors,
the sampling time can be greatly reduced. This third configuration is, in fact, a novel MPPT method which
has not been reported in earlier works and is inspired by the working mode of the ¢-Peas chips. We have
implemented these three circuits with a sampling time of 0.5 ms and a sampling period down to 12 ms.
However, we justify how in the third circuit, which is the one with more area for improvement, the sampling
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period can be decreased to 24 ps. This is a significant reduction in the sampling rate, being a much smaller
rate than in all related works reported in this thesis. This reduction can significantly increase the energy
extraction even further in faster varying EH sources.

The performance of the commercial PMU, with a sampling period of 16 s, was finally compared with one
of the implemented circuits with a sampling period of 61.4 ms. The double-pendulum WEC designed and
manufactured within this thesis and placed on a linear shaker emulating the surge motion of the drifter
under the excitation of waves was used for this purpose. As we have previously stated, the harvested power
output was increased by 26 % with the fast MPPT circuit. Thus, fast-varying sources would greatly be
favored by the use of FOCV circuits such as the ones we propose.

5.3. Low-Ppower Oceanographic Monitoring Systems

The WO drifter, working at full operation mode, has a duty cycle of approximately 31%, an average power
of 173 mW and a sleep power of up to 20 mW. This is a relatively high consuming oceanographic
monitoring platform, far from the typical consumption of drifters aiming for long deployments and even
more so, for low-power AS nodes. By reducing the acquisition interval of the accelerometer to 3 samples
per day, the WO consumption can be greatly reduced to levels similar to those of other oceanic drifters,
but still far from the production levels of the herein reported WEC. The WO’s survival mode reduces this
consumption further, but the WO just becomes a tracker with a 250 m accuracy.

The Linkit and the TD1205P modules are low-power alternatives for oceanographic monitoring systems.
The consumption of both modules is comparable; =30 mA for the GPS fix and =40 mA for the
transmission, with a communication time =6 seconds for a similar payload. The main difference is found
in the sleep consumption; 3 pA for the TD1205P and 28 pnA for the Linkit. However, differences between
the WO and these low-power devices are enormous. Both alternatives just transmit very small packages of
data and, in the case of the TD1205P, just up to 50 km offshore. Further, the uC computing limitations are
substantial.

Within this thesis we suggested measuring coastal waves with a low-power, Sigfox-based oceanographic
monitoring system. Specifically, we used the TD1205P to obtain the houtly position of a coastal buoy as
well as some wave parameters using the zero-upcrossing technique. The data was then transmitted wirelessly
using the Sigfox network. This device was fed by a small battery-pack and placed on a moored buoy for a
3-month deployment. The wave measurements were compared with those provided by a seatloor ADCP
with a satisfactory result.

Given the good performance of the wave measurement system, but especially the ultra-low consumption
of the TD1205P module, we proposed going further and modifying the battery power supply by a WEC
source. Therefore, an AS node was designed including the following components proposed in this thesis:
double-pendulum WEC, fast-tracking PMU and a low-power wave measurement system. From the
different tests executed in different environments (linear shaker, wave flume or sea), we estimated a
potential mean EH production of around 77 J/day. With a small rechargeable battery of 80 mAh and using
a data rate of up to 22 transmissions/day, the proposed system accounts for an unlimited autonomy and is
capable of assuming non-harvesting periods of more than one week.

5.4.  Future Work

This thesis contributes in the mechanical field of small-scale EH power generation and in the electronic
field of low-power energy management. The results achieved have fully met the objectives and tasks set
from the onset. There are certain tasks and lines of research, however, which have been left open and that
pose exciting technological challenges for future work.

Examining further the 4-DoF pendulum-drifter model with a focus on the parametric pendulum to
optimize the WEC is a promising field of study. The objective would be to use the parametric excitation to
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achieve full rotations in a small-scale pendulum device embedded in a drifter for standard wave conditions.
Further, contemplating the electro-mechanical coupling in the electromagnetic generator model and its
adequate optimization is a field that has not been studied in this thesis and could greatly increase the energy
produced by the WEC. Moving forward with the manufacturing of the current WECs under design is
another line of research. Specifically, we have already started to manufacture the rolling mass WEC that
was developed in collaboration with researchers from BRNO University with the idea of testing it in real
conditions.

The improvements made in the energy extraction using the herein proposed resistor-based FOCV-MPPT
method has already been demonstrated in the laboratory. However, it would be recommended to continue
with this line of research by proving similar advances in a real environment such as a wave flume. Testing
other fast-sampling and low-power MPPT techniques is another future task, not contemplated in this thesis.
The implementation of real-MPPT techniques such as the P&O with a low-power circuitry is a challenging
task which can also lead to an increase of energy in fast-varying EH sources. One of the proposed fast-
sampling FOCV circuits (config. C) has great potential for further increasing the sampling rate. Studying
the possible contributions of this circuit in even more fast-varying EH sources is also recommended for
future study.

Finally, a low-power oceanographic monitoring system including a double-pendulum WEC, a fast-
tracking PMU and a low-power wave measurement system have been designed. Yet, the long-term test of
this system remains pending. Implementing a low-power oceanographic monitoring system with global
coverage is also a task not assessed within this thesis. Argos has a high potential for being able to accomplish
this. Linkit has proven to be as low power consuming as the TD1205P module but with satellite coverage.
Moving the implemented wave estimation algorithm to this platform is a challenging and promising task.
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Abstract Ocean monitoring requirements have fomented the evolution of sensor platforms such as
Lagrangian drifters, whose autonomy is a critical factor in the design process. Energy Harvesting (EH)
has proven to be a sound option as an autonomous power source for sensor platforms. This paper deals
with the design and simulation of a kinetic energy harvester (KEH) that captures energy from a drifter’s
motion under wave excitation. This KEH is based on a rolling mass resonator with permanent magnets
that oscillate with respect to a frame which includes a coil system. The induced current on the coil results
from the relative motion of the rolling mass, whose natural frequency is tuned to match the drifter’s to
achieve resonance. Preliminary simulations using OrcaFlex provide the motion vectors of the drifter, used
to excite the KEH’s frame. A multi-body MSC.ADAMS model has been developed consisting of a simple
DOF mass-spring-damper system that includes the frame motion and the electrical and electromagnetic
models. Results provide an estimation of the power generated on a resistive load, showing 23 mJ harvested

during a one-minute simulation.

1 Introduction

GLOBAL warming is an emergency that must be tack-
led at all levels as it threatens the stability of our
planet. Marine biodiversity is highly affected by this
phenomenon. Almost 90% of the heat produced during
the last decade has been absorbed by oceans and the
effects of this rise in temperature are unknown as 95%
of them remain unexplored. For this reason, ocean mon-
itoring is essential to preserve not only marine species,
but also to maintain the earth’s health. Oceanographic
sensor platforms provide biological and meteorological
data to help understand changes in the marine envi-
ronment and thus help preserve it. For example, under-
water cabled observatories as the one presented in [1]
provide huge amounts of data from a specific seafloor
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point. They do not have power or bandwidth restric-
tions, but they are expensive, high-maintenance plat-
forms that cannot cover large ocean regions. Underwa-
ter autonomous vehicles (UAV) [2] are able to cover
higher areas but are also costly to run.

Lagrangian drifters (Fig. 1) are autonomous float-
ing passive devices used in marine climate research
or oil spill tracking that provide surface marine data
[3]. They are low-cost, versatile and easy-to-deploy
instrumentation, so many of them can be deployed in
large oceanic regions forming a surface sensors network.
Drifter deployments can last for years, so autonomy is
one of the main design challenges [4]. Several Energy
Harvesting (EH) sources are being explored to reduce
costs in battery replacement maintenance tasks. Solar
panels have been the most common commercial solu-
tion to expand a drifter’s autonomy (Sofar: Spotter,
Fastwave: Voyager Solar). Drifters must however avoid
the impact of the wind because this may compromise
proper superficial current tracking [5]. Consequently,
they must be mostly submerged, thus interfering with
the feasibility of solar harvesting. Also, depending on
a single EH source will have little effect on making
the unit more autonomous. For this reason, other EH
sources are being explored, including the oscillatory
movement of the drifter itself caused by the interaction
with the ocean waves.

Thorner et al. classified in [6] the different EH meth-
ods related to marine environment sources, leading pen-
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Fig. 1 Drifter deployed at the surroundings of OBSEA
observatory [1], at the Mediterranean Sea, within the tests
of the EC-founded MELOA project [3]

dulum and gyroscope devices as the most appropriate
technologies to scavenge the drifter’s motion. Recent
advances have proven the value of electromagnetic tech-
niques as suitable Power Take Off (PTO) elements for
small-scale, low-power floating monitoring devices [7—
10].

In [11] and [12], a novel small-scale pendulum-type
Wave Energy Converter (WEC) which uses the wave
motion and current flow to generate power from a
drifter was presented. It consists of a double pendu-
lum containing an arm with a proof mass guaranteeing
the alignment of the main body with the wave direc-
tion. The arm is articulated to a ring which is in turn
articulated to the buoy, so it participates in the ring
oscillation relative to the buoy. A gear train is coupled
to the ring. Through that train, energy is accumulated
in a flywheel which drives a DC electrical generator act-
ing as the PTO. The gear system amplifies the angular
velocity with a positive ratio of 35 and, by means of a
one-way bearing, unidirectional rotation of the genera-
tor is ensured.

A first prototype of this WEC was embedded into
an oceanic drifter and tested in shallow waters [13].
The main purpose of this test was to measure the
drifters’” motion and analyse how it transduces into
energy production. Results showed a useful mean power
in the order of milliwatts, which can be used as a
backup powering system. When the primary batteries
are exhausted, it allows the drifter to send messages
about its location so it can be recovered.

In this paper, a different approach of WEC has been
proposed using a Kinetic Energy Harvesting (KEH)
device. The design of this harvester is based on a rolling
mass resonator, previously introduced in [14], developed
for human wearable applications. General body move-
ments provide the motion of a magnetic rolling mass
that induces voltage on a coil conductor. In this field,
very low operation frequencies are observed, normally
within the 2 — 3 Hz frequency bandwidth. Very similar
conditions are expected in the ocean drifter’s motion
under sea excitation, with some lower dominant fre-
quencies. This paper presents the redesign of the rolling
mass resonator to work as a KEH for oceanic drifter
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applications and attempts to expand its autonomy.
Design parameters and electromechanical responses of
this EH system are analysed to adjust the KEH’s nat-
ural frequency to the drifter’s. Work also includes the
estimation of the harvested power for a specific simu-
lated sea state.

To fulfil this objective, several dynamic simulations
have previously been performed in OrcaFlex to under-
stand the drifter’s behaviour in common swell condi-
tions. This simulation provides important inputs for the
appropriate design of the WEC based on the rolling
mass resonator. Also, a multibody system with a cou-
pled electro-mechanical model [15] has been used for the
simulation of the output power responses [16] under the
assumed sea conditions.

The paper is organized as follows: Section 2 presents
the simulation of a drifter in the sea using commer-
cial software (OrcaFlex). Section 3 presents the cou-
pled model and preliminary design of the rolling mass
energy harvester. Section 4 presents multi-body model
and simulation results of the proposed rolling mass har-
vester under sea conditions. Finally, Section 5 presents
the conclusions.

2 Drifter dynamics under the wave
excitation

The EC-founded MELOA project [3] is developing a
new family of low-cost, versatile and easy-to-deploy
drifters for marine climate research. One of these units,
WAVY-Ocean (WO), will be designed to collect and
transmit offshore oceanic data using a satellite link.
Fig. 1 shows one of these units deployed in a controlled
sea area during a validation test. The WO includes the
Argos Antenna, the Li-Ion battery pack, the PV cells
and the main electronics. It is equipped with two ther-
mistor measuring sensors (air and subsurface tempera-
ture), an Inertial Measurement Unit (IMU) for the wave
parameter estimation and a GNSS for the current track-
ing. The KEH system designed in this paper should be
embedded at the centre of the WO to work as a hybrid
EH system together with the PV cells. The WO has a
spherical shape of 20 cm diameter and weighs 3.7 kg.
This results in an overhang of 5 cm from the Still Water
Line (SWL) in rest conditions, reducing the impact of
the wind in the WO shell. Also, placing the battery
pack below the drifter’s geometric centre (cg) shifts its
centre of mass (¢,) downwards by 2 cm, making the
drifter stable and thus ensuring the antenna is always
above the waterline.

The drifter motion has been simulated through
OrcaFlex, a dynamic analysis software for offshore
marine systems to understand the interaction between
the sea waves and the drifter and to help design a suc-
cessful KEH. This package has been used to emulate an
ocean with common swell conditions and provide the
vectors of motion of a free-floating buoy. These motion
vectors were then used in the KEH design phase. Only
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Table 1 Ocean drifter parameters

Table 2 Environment parameters

Symbol Parameter Value Units Symbol Parameter Value Units
my, WO mass 3.7 kg h Ocean depth 20 m

R WO radius 0.1 m P Ocean density 1024 Kg/m®
Cm Centre of mass® 0.08 m g Gravity acceleration 9.81 m/s>
d SWL-¢, distance 0.053 m Hs Sig. Wave Height 0.5 m

Ix, Iy WO horizontal inertia 9.1073 Kg-m®  f, O-H modal frequency® 0.2 Hz

If WO hydrodyn. inertia 2.1073 Kg-m® A1 O-H shape parameter 1 1.0 -

ACenter of mass taken from the bottom of the drifter body

the kinematics results and not the forces have been con-
sidered in the design. The spherical drifter was mod-
elled with the parameters shown in Table 1, using 24
stacked, flat cylinders of appropriate diameters. Fig. 2a
shows the resulting modelled WO with the location of
the WOQO'’s local coordinates origin at the bottom of the
sphere. The sea state was modelled using the Ochi-
Hubble wave spectrum [17], a sea model that statis-
tically describes the behaviour of the water particles in
shallow waters. In our case, we have used only one pre-
dominant frequency with the parameters reported in
TABLE 2 and without any current or wind influence.
That results in a bandwidth distribution of frequencies
around the predominant frequency, as can be later seen
in Fig. 3 from the results. OrcaFlex uses the Morri-
son equations [18] to obtain the contact forces of the
interaction between the drifter and the sea. This model
includes two components; an inertia force in phase with
the water acceleration and a drag force proportional
to the square of the instantaneous water velocity. The
simulation has been performed with a time step of 50
milliseconds and a total time of 40 seconds.

Figure 2.b defines the drifter’s local axis, where X is
the horizontal axis and Z the vertical axis. It also defines
the concepts of wave height (H) and period (T) among
the SWL. For the sake of simplicity, the wave prop-
agation direction has been aligned with the horizon-
tal drifter’s local axis X, leading to a simpler model of
2D with 3 Degrees Of Freedom (DOF). The interaction
with the wave motion causes the oscillation acceleration
in the vertical (heave - Az) and horizontal (surge - Ax)
axis and a rotation (pitch - Gy ) among the perpendicu-
lar axis Y. These three DOF were the main components
of the drifter’s motion that would be later used on the
design of the WEC.

C))

BOchi-hubble model with just one predominant frequency

Simulation results are shown in Fig. 3, where the sea
elevation is in blue, Ax in orange, Az in purple and Gy
in green. For this figure, sea elevation is in meters, lin-
ear accelerations are in g-acc and angular rotations are
in rad/s. Also, results are taken at the geometric centre
(cg) of the drifter. The sea elevation is presented in the
first pair of plots of Fig. 3, with the common frequency
distribution of Ochi-Hubble wave spectra around the
main modal frequency (fm1) of 0.2 Hz. The non-linear
response of the drifter is in concordance with the non-
linearities expected on a body under wave influence [19],
as one natural frequency (f.X, fY and fZ) is found for
each DOF. The horizontal acceleration Ax has a dom-
inant frequency of 1.25 Hz (as shown in the spectrum),
with a maximum peak-to-peak amplitude of the time
signal of 1.1 g. The dominant frequency of the vertical
acceleration Ay is 0.92 Hz with a maximum peak-to-
peak amplitude of 0.5 g (time signal) and a mean value
of 1 g due to the drifter’s gravitational load. Finally, the
frequency dominating the pitch angular velocity Gy is
around 1.25 Hz with a maximum peak-to-peak ampli-
tude of 10 rad/s (time signal). A harmonic of the main
Gy frequency is induced at Ay, presenting a peak at
2.5 Hz.

The natural frequency at Az (fZ) can be analyti-
cally validated following the procedure reported in [20],
where a drifter with similar characteristics was deployed
in a wave flume. There, f7Z is obtained using

= D) W

2 my +my

where my, is the total drifter mass, p is the fluid density,
g is the gravity acceleration, R is the radius of the buoy,

Fig. 2 a Spherical modelling of the drifter in OrcaFlex using 24 stacked flat cylinders. b 2D scheme of the drifter’s motion

with the description of its main 3 Degrees of Freedom (DOF)
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Fig. 3 Simulated drifter linear horizontal and vertical
accelerations (Ax, Az) and angular velocity around Y (Gy)
and their respective PSD when placed in waters with a sig-
nificant wave height (Hs) of 0.5 m and 0.2 Hz of O—H modal

d is the distance between the SWL and ¢, and my is the
hydrodynamic mass. m¢ can be estimated using

= L (2R3 + 3R%d — d®) 2)

m g

Using the parameters from Tables 1 and 2 on equa-
tion (1), the simulated natural frequency from the
vertical acceleration Ay of 0.92 is validated. Results
also solidly tally with the experimental ones previously
reported in [13], where a similar ocean drifter presented
a vertical fZ of around 1 Hz when deployed in the
Mediterranean sea. The small differences found in the
frequency come from the differences on the drifter’s con-
structive parameters. Regarding the natural frequency

on Gy ( fzf), it can be analytically obtained using

o L [mgen

" 2r\ Iy + Iy

where Iy is the drifter’s inertia around Y-axis and If is
the hydrodynamic inertia. Using the parameters from
Tables 1 and 2 on equation (3), a fY of 1.25 is analyti-
cally validated. Finally, regarding the natural frequency
on Ax (fX), as data is taken at the geometric centre of
the unit and rotation occurs around its centre of masses,
it is obvious that this point will horizontally oscillate

with a motion of the same frequency. Therefore, the
natural frequency in these last two DOF is the same

(3)

(ff = f}l/) Again, results are similar to the experi-
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mental ones reported in [13] with small discrepancies
generated from the drifter’s constructive parameters.

3 Model and design of rolling mass wave
energy harvester

The previous section presents the analysis of the sea
conditions that provide ambient kinetic energy with
the potential to be converted into useful electricity.
An analysis of input vibrations is fundamental for the
appropriate design of the KEH [21]. A schematic dia-
gram of the KEH with an electro-magnetic converter
embedded in the oceanic drifter is shown in Fig. 4.
This KEH is excited by the horizontal and vertical
accelerations (Ax, Ay) and the rotation angular veloc-
ity around Y (Gy) presented in Fig. 3. The operation
of this device is based on the excited movement of a
rolling mass embedded into the drifter’s frame. This
rolling mass includes an electromagnetic circuit which
rotates with relative velocity v against the fixed coil
placed on the drifter’s frame. The motion of this mag-
netic system changes the magnetic field B through the
fixed coil. In accordance with Faraday’s Law, an elec-
tromotive voltage is induced on the conductor of the
fixed coil. Should an electrical load (e.g. resistive load)
be connected, then a current flow through the coil will
provide an additional electro-magnetic damping force
which would be proportional to the consumed electri-
cal power, including electrical losses.
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Fig. 4 Schematic diagram of the rolling mass energy har-
vester inside the oceanic drifter; horizontal and vertical
accelerations (Ax, Az) and angular velocity around Y (Gy)
are used for excitation

Az

Fig. 5 Rolling mass resonator modelled as a mass-spring-
damper system with 1 DOF; horizontal and vertical accel-
erations (Ax, Az) and angular velocity around Y (Gy) are
used to obtain the general excitation Qcy

Based on the KEH description above, a concept of
rolling mass resonator model is designed and shown in
Fig. 5. This kinetic harvester provides a complex mul-
tidisciplinary system whose model includes; the input
frame’s motion (Ax, Az and Gvy), the rolling mass res-
onator dynamics and an electromagnetic model of the
energy converter. This system integrates the author’s
experience with KEH and oceanic drifter dynamics. In
this work, the mass ratio of the rolling mass and the
drifter is low (0.04) as in [20] (0.06), where it has been

D

frame

e el
B

magnetic circuits

experimentally proven that the rolling mass does not
have a significant effect on the measured wave parame-
ters. Therefore, the value of contact force between both
bodies is also low and does not influence the drifter
dynamics. The whole system can be modelled with a
simple 1 DOF system of mass-spring-damper, which is
suitable for a preliminary analysis of the KEH. How-
ever, several assumptions are required:

e The dynamics of the rolling mass do not affect the
drifter motion itself.

e The mechanical energy of all excited bodies is mod-
elled with a general excitation Q.

e The weight and inertia moment of the rolling system
is included in effective mass m.y.

e The rolling system is expected to rotate, so the
amplitude of angle ¢ is small.

e Due to the small movement of ¢ around the equilib-
rium position, the non-linear operation of this sys-
tem in the gravity field is linearized by a constant
value of stiffness k.

e The consumption of the harvested power is depicted
by linear damping d..

The herein presented design respects all the stated
assumptions. This approach is based on the fact that
the rolling resonator shows linear operation with very
low amplitudes around the equilibrium position. There-
fore, the linearized approach and the equivalent linear
model can be used to obtain the mechanical and electri-
cal parameters. These parameters will be further used
in the multibody model presented in Section II.A, where
the nonlinear operation is included.

The transformation of the rolling mass resonator into
a mass-spring-damper system with 1 DOF is based on
the mechanical Lagrange formulation which is described
in [14]. The resulting differential motion Eq. (4) with a
generalized coordinate of angular position ¢ (see Fig. 5)
could be used in the analysis of resonance frequency
and the tuning up of its geometrical parameters. For
this reason, a preliminary design of the KEH, shown in
Fig. 6, was proposed.

mef(p_'_(dm_‘_de)(p'i_k@:Qew <4)

:
7

Fig. 6 Preliminary design of rolling mass energy harvester inside the drifter
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Resonance (Hz)

Fig. 7 Rolling mass energy harvester resonance frequency
depending on the frame diameter D and the rolling diameter
d

The effective mass mess can be obtained from the
rolling diameter d, its weight m and the moment of
inertia of the roller I. The stiffness k is calculated from
the potential energy of the rolling mass and it has a
non-linear proportionality with diameter D and posi-
tion ¢. The operation of this softening nonlinear sys-
tem is linearized around equilibrium. Both m.fs and &k
formulation can be found in [14].

Qo = i

(5)

Me,

The natural frequency of the rolling mass motion can
be calculated with Eq. (5) depending mainly on the
ratio of both diameters d and D. A sensitivity study of
the already presented design was done by tuning these
parameters. Results of this sensitivity study based on
formula (5) using the linearized model are shown in
Fig. 7. We conclude that a combination of a smaller
rolling diameter d and a bigger cavity diameter D is
required with respect to the previous prototype pub-
lished in [14]. Resulting D and d from this study are
shown later in Table 3.

However, due to the softening nonlinear system, the
operation frequency of this harvester is lower than nat-
ural frequency presented in Eq. (5). Then, the value of
resonance frequency depends on the amplitude of the
nonlinear oscillation. This concept of a softening nonlin-
ear system is designed for a frequency bandwidth oper-
ation of around 0.4-0.5 Hz.

The aim of this paper is to achieve resonance between
the rolling mass and the drifter motion to maximize the
amplitude of the rolling mass motion and increase the
energy harvested. Amplitudes of the rolling resonator in
resonance operation are determined by the mechanical
damping d,, and electro-mechanical damping d.. The
mechanical damping is assumed from the publication
[14] and, together with k and m.yy, they determine the
mechanical quality factor @ of this resonator as (6).

cMef (6)
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Table 3 Physical parameters of rolling mass harvester

Symbol Parameter Value Units

m Rolling mass weight 165 g

1 Inertia moment of 25,000 g mm?
rolling mass

D Frame cavity diameter 46 mm

d Rolling mass diameter 13 mm

29 Natural frequency of 1.6 Hz
linearized model

Q Mechanical quality 4.5 -
factor [14]

c Coupling coefficient 0.2 Whb/rad
[14]

- Coil diameter 32 mm

— Coil height 3 mm

N Coil turns 2000 -

Re Colil resistance 2 kQ

Ry, Resistive load 2 kQ

The electro-mechanical damping coefficient d. depends
on the design of electro-magnetic converter and the con-
nected electrical load. Regarding the electro-magnetic
converter, the design of the coils and the magnetic
circuits with rare earth permanent magnets is also
adopted from the previous wearable harvester published
in [14]. The frame cavity diameter D and the rolling
mass diameter d have been analysed in this paper for
the specific case of the drifter under sea excitation
with the goal of maximizing the harvested power, which
would happen in resonance operation.

As the design of the electro-magnetic converter was
successfully tested for a wearable energy harvester in
[14], where dimensions and electrical parameters of
the coils and the permanent magnets were chosen, the
model has been extended here with the addition of the
electrical part. The electrical circuit of the current KEH
is simple because the coil (with inductance L and resis-
tance R¢) is connected in series with the resistive load
Ry,. This resistance represents the useful electrical load
and the harvested power is analysed at its terminals.
When the electromotive voltage u; is induced, a cur-
rent ¢ flows through the electrical circuit as described
by Eq. (7), where u; is equal to the sum of the voltage
drops around the coil and the load.

i
ui:L-d—z—ch-i—&-RL-i (7)

In accordance with Faraday’s Law, the induced volt-
age can be obtained as (8).

U =c- P (8)

where ¢ is the rolling mass angular velocity and c is the
coupling coefficient of the electromagnetic converter,
calculated as (9).

_do _
c=q, ~BN-Le (9)
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Fig. 8 Multi-body model of rolling mass energy harvester in MSC.ADAMS environment; CAD model and multi-body

model with mechanical joints

In Eq. (9), ¢ is total magnetic flux through the coil,
B is the magnetic flux density through the coil, NV is the
number of turns in the coil and L is the active length
of the coil. The current flow through the coil provides
back electromotive force which is represented both in
Fig. 5 and Eq. (4) by a damping force d.. This relation
can be formulated as (10).

de-p=c-i (10)

On the basis of the previous analysis of the lin-
earized model, the final coupled electro-mechanical sys-
tem results in the linearized differential motion Eq. (11)
and the sum of voltages in the electrical circuit shown
at (12). Inductance L has been neglected due to the low
dynamics of the designed coils.

Me, P+citdn @+k-9=CQec (11)
¢ ¢p—R.i—Rp-i=0 (12)

On the base of the parametric study in Fig. 7 and
the analysis of the coupled system, resulting physical
parameters of the rolling mass KEH have been chosen
and are presented in Table 3.

4 Multi-body simulation of the rolling
resonator under sea excitation

4.1 Multi-body model of multidisciplinary energy
harvester

The presented coupled electro-mechanical model result-
ing in Egs. (11) and (12) is useful to analyse the sys-
tem’s movement close to the equilibrium. However, the

behaviour of the rolling mass resonator under sea condi-
tions could provide high excitation inertia forces which
would create a wide range of motions of the rolling
mass, some of them outside the operation range where
the linearized coupled equations are valid. Therefore,
MSC.ADAMS software has been chosen for the analy-
sis of the rolling mass harvester under sea conditions.
A multi-body model of the proposed KEH was created
using the proposed parameters and geometry of Table 3.
The multi-body model reproduced in MSC.ADAMS
replaced both the linear differential equation (11) and
the electrical model (12). A simplified geometry of both
bodies (frame and roller) and its joints is shown in
Fig. 8. The frame is actuated by the resulting OrcaFlex
motion vectors which are used as input excitation for
the MSC.ADAMS multi-body simulation. Such data
represents the sea drifter’s (parameters in Table 1)
behaviour under Table 2 sea conditions. The operation
of the KEH under sea excitation will be efficient when
its nonlinear resonant frequency is similar to the typical
excitation frequency. Due to the non-linear operation of
the multi-body model with a real softening stiffness, the
initial natural frequency is slightly bigger than domi-
nant frequency in Fig. 3. This concept expects ampli-
tudes which provide a frequency bandwidth at around
0.4 Hz for this softening nonlinear system. This means
that this resonator could effectively operate in a fre-
quency range of 1.2-1.6 Hz.

The contact between both bodies transfers an exci-
tation to the roller, whose movement dynamics in the
gravity field is simulated. This model could define
both rolling and sliding movements which are observed
for high excitation. The mechanical damping model
is described by a damping plus a friction coefficient,
placed at the point of contact between both bodies.
This damping model provides a resonator’s mechani-
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cal quality factor @ of 4.5. The electromagnetic damp-
ing model is described by a spring torsion force which
includes both electrical Egs. (10) and (12). The induced
voltage of Eq. (8) is obtained from the simulated angu-
lar velocity.

4.2 Simulation result for different sea conditions

The multi-body MSC.ADAMS model of the designed
KEH has been excited with the drifter’s motion obtained
from OrcaFlex. Ochi-Hubble wave spectrum provides
an irregular sea state which proved interesting in terms
of energy generation for drifter applications using the
herein presented KEH. This device has been designed
using parameters from the already tested KEH pre-
sented in [14] with some modifications to tune-up

%103
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Fig. 9 Simulation results of the instantaneous harvested
power; 23 mJ have been harvested energy on the resistive
load for this one-minute simulation

Fig. 10 Simulation

results of the optimization
on the coupling coefficient
and the resistive load 2

1.54
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n
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its resonance frequency to the current application of
oceanographic drifters. This design provides an advan-
tage in nonlinear frequency response, where the oper-
ation bandwidth is extended, as described above. The
simulation under these irregular sea conditions provides
the relative movement of the rolling mass with the mag-
netic circuit with respect to the frame, the coil and the
resistive load. The peaks on the output voltage have
been found in the range of 1-5 V on a 1-min simulation.
In this scenario, the total harvested energy has been 23
mJ. Fig. 9 shows the simulated output power, present-
ing promising peaks up to 7 mW that can be used to
expand the drifter’s autonomy. As the parameters of the
coil and the magnetic circuit have not been optimized
for this application, there is still room to increase the
output power.

The non-optimized parameter ¢ provides a weak
electromagnetic coupling between the movable mag-
nets and the coil, resulting in a low output power.
Several simulations have been performed to analyse
how the electromagnetic coupling coefficient ¢ affects
the total harvested electrical energy. These simulations
have been done for different ¢ and resistive loads, and
the resulting harvested energy is presented in Fig. 10.
Coefficient ¢ used in the previous simulation (Fig. 9)
was 0.2 Wb/rad, showing a non-optimal design of the
rolling mass under sea excitation. The output results of
the weak coupling stage are presented in dark blue in
Fig. 10.

On the basis of the simulated results of tuning c,
it is obvious that an optimized coil and magnetic cir-
cuit could provide significantly higher power on drifters
under sea excitation. However, the mechanical fabri-
cation of the roller provides limitation on the maxi-
mal theoretical value of c¢. Based on our experience in
designing electromagnetic converters and according to
[22], the coupling coefficient could be increased up to 1.5
Whb/rad. Then, according to results shown in Fig. 10,
the harvested energy using the designed KEH could
increase up to 600 mJ, meaning that an average power
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of around 10 mW could be feasible for this applica-
tion. The fabrication, optimization and the experimen-
tal test in real conditions of the herein presented KEH
are future aims of our development.

5 Conclusions

The main aim of this paper is to present an innovative
concept of Kinetic Energy Harvester (KEH) for oceanic
drifter applications. The presented system could pro-
vide an unlimited source of energy for low-power, long-
time monitoring systems. The proposed concept of
KEH is based on a rolling mass resonator with an elec-
tromagnetic converter. This converter includes a mag-
netic system of permanent magnets that oscillates with
respect to a coil fixed to the frame. The motion of the
roller and the magnets caused by the waves induces a
current on the coil that would potentially power the
drifter electronics. The geometrical parameters of KEH
have been designed for this purpose and some of them
have been assumed from a wearable application previ-
ously presented in [14]. The herein scientific contribu-
tion is based on the model-based design of this KEH
adapted for oceanic drifter applications.

On the one hand, simulation using OrcaFlex pro-
vides data of the motion of a specific drifter and its fre-
quency under known sea conditions. Resulting natural
frequencies at each DOF of the drifter have been ana-
lytically validated. Also, they have been compared with
the experimental results reported in previous papers
where similar oceanic drifters have been deployed in
controlled sea areas. The KEH have been designed to
capture the energy from the drifter’s motion, composed
of surge and heave oscillation and pitch rotation. These
oscillation and rotation movements have been used as
input vectors for the multibody model of the KEH.

On the other hand, the multibody system of rolling
mass has been defined in MSC.ADAMS. It includes
the excitation of the frame forced by the drifter and
the mechanical and electro-mechanical damping mod-
els. Results show how the motion of the rolling mass is
transformed into electrical power by the coil’s induced
current. Using the initial physical parameters and the
obtained OrcaFlex motion vectors, around 23 mJ of
electrical energy have been harvested during a 60-s sim-
ulation. Furthermore, simulations performed with dif-
ferent parameters of the electro-mechanical coupling
model show that its optimization leads to an improve-
ment of up to 600 mJ of electrical energy under the
same sea conditions.

The presented design and simulations show that
this energy harvesting application could be successfully
employed to expand the autonomy of oceanic drifters.
The fabrication, optimization and the experimental test
in real conditions of the herein presented KEH are
future aims of our development.
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Abstract—A novel Kinetic Energy Harvester (KEH) has
been developed for powering oceanic undrogued drifters.
It consists on a double pendulum system capable of trans-
forming the wave oscillations into rotation on a flywheel.
This rotation is converted into DC current by an electrical
generator and further processed by a power management unit
(PMU). The PMU includes a “maximum power point tracking”
system to maximize energy production by the generator.
An oceanic drifter has also been designed to embed the KEH
and a custom-made measurement system to perform real sea
tests. It counts on an Inertial Measurement Unit to study the
motion of the drifter and an embedded measurement system
to estimate the rotation speed of the generator and the power

at both the input and output of the PMU. A Wi-Fi connection is also included for data transfer at short distances.
The generator was firstly characterized at the laboratory; the drifter was then placed on a linear shaker to assess its
performance. Finally, the drifter was deployed in a controlled sea area with average values of wave height and frequency
of 1.43 m and 0.29 Hz, respectively. In these conditions, the drifter showed horizontal and vertical oscillations with peak-
to-peak accelerations of 0.8 g and power spectra centered around 1.5 Hz and 1 Hz, respectively. As a result, the KEH
generated a mean output power of 0.18 mW, with peaks of 2.5 mW.

Index Terms— Lagrangian drifter, natural frequency, kinetic energy harvester (KEH), microgenerator, power manage-

ment unit (PMU), maximum power point tracking (MPPT).

I. INTRODUCTION

HE scientific community requirements related to oceano-
graphic data availability are growing fast. Oceans and
seas must be monitored to preserve their biodiversity and
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to predict their evolution. This means that huge amounts of
data from a very wide range of sensors should be acquired
and delivered as fast as possible. Research vessels collect-
ing data from the ocean during long periods are not suited
for this task due to their high-cost [1]. As a consequence,
cabled observatories, gliders, profiling floats and long-term
moorings are taking their place and are delivering enormous
amounts of real or near-real time data to the scientific com-
munity [2], [3]. Other ocean platforms that collect data are
Lagrangian drifters, which are autonomous floating passive
devices that provide oceanographic surface data. They are
low-cost, versatile and easy-deployable marine instrumentation
used in climate research, oil spill tracking, or search and rescue
operations.

A wide range of commercial drifters can be found in the
market. Basic drifters offer ocean current tracking and near
surface temperature, but growing science requirements are
pushing their evolution. Consequently, some of them can now
be found with Acoustic Doppler Current Profilers (ADCP),
salinity sensors, or weather stations [4], [5]. Drifters use wire-
less GSM-based communications, in near-shore deployments,
or satellite-based (mostly Iridium-based [6]) for off-shore
communications.

1558-1748 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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As described by Lumpkin et al. [6], power autonomy is one
of the main challenges in the evolution of drifters. Depending
on the instruments carried and the sampling period of the units,
their lifespan may vary from hours up to a few years when
powered from primary batteries. To extend their autonomy,
some manufacturers include photovoltaic (PV) panels around
the drifters’ case, achieving unlimited lifespan at some low
transmitting interval and favorable solar conditions (Sofar:
Spotter, Fastwave: Voyager Solar). Nevertheless, if the drifter
is strictly dedicated to current monitoring, its body should
be mostly submerged to avoid the wind effect [7] and, thus,
the irradiation at the panels is attenuated. Also, in many
oceanic regions solar irradiation is low during some periods
of the year. For this reason, other energy sources may be
explored, such as the oscillatory movement of waves.

Previous works have shown many harvesting possibili-
ties from kinetic sources in marine environments [8], [9].
Inertia-based harvesters are one of the main solutions for low-
power, non-anchored oceanic devices, which is the case of
drifters, and they can be further classified as gyroscopic or
pendulum systems [10]. Ding et al. have proposed pendulum-
type harvesters for underwater gliders [11] and mooring
platforms [12]. These medium size and weight systems
(1500 cm? - 5 kg) were tested on a Stewart platform at the
laboratory, reporting average power production of hundreds
of milliwatts. However, power was directly measured across a
load resistor without using a power management unit (PMU),
which is normally used to power the electronic sensors.
In addition, no sea tests were performed. Li et al. designed a
small size and weight (630 cm? - 0.3 kg) pendulum harvester
for non-anchored floating platforms such as ocean buoys [13],
which is more aligned with the objective of our work. In the
laboratory tests, the harvester included a PMU to charge a
50 mAh rechargeable lithium battery that could be used to
power the sensors. However, the PMU and the battery were
not present during the sea test, in which only the AC open
circuit voltage at the output of the harvester was measured by
an embedded system. They reported a maximum peak-to-peak
voltage of 15.9 V and from it they inferred a maximum peak
output power of 130 mW.

This paper continues and extends two previous works.
A first design of a Kinetic Energy Harvester (KEH) system
for spherical oceanic drifters was presented in [14], including
a preliminary characterization of the electrical generator and
the PMU followed by first results of the prototype when
located in an anchored buoy placed on a water tank. Later,
in [15], an improved version of the KEH device was presented,
as well as a first approach of a specially designed oceanic
drifter for testing purposes. An Inertial Measurement Unit
(IMU) placed inside the drifter allowed to obtain its dynamic
behavior and determine the natural frequency of its motion
when placed at sea. However, no power data of the KEH
system were produced. In this work, the acquisition setup
has been updated to gather that data as well as the rotation
speed of the generator during the drifter’s deployment at sea.
In addition, the electrical generator has been replaced by a
more rugged and reliable one.

KEH PMU © |

| device MPPT | Storage controI|Vo|tage Supply_|> LOAD
)
KEH System

Fig. 1. Kinetic Energy Harvesting (KEH) system composed by the KEH
device, the Power Management Unit (PMU) and the Energy Storage
Element (ESE). The Load represents the remaining drifter electronics.

The main objective of this paper is to present a novel
small-size KEH device and its ensuing PMU, as well as to
validate their functionality and performance in a spherical
test drifter in a real environment. To assess the performance,
an embedded system was designed to measure the drifter
motion, rotation speed of the generator and input and output
power of the PMU. Data were sent wirelessly to a nearby
point. Simulations were also performed for the drifter motion.
These are important advances so far not fully achieved by
previous studies. The paper is organized as follows. First,
the KEH system is described in section II. Section III describes
the test drifter. Section IV presents the materials and method
used to obtain the simulation and experimental data, which
are summarized and discussed in section V. Finally, section
VI concludes the work.

Il. KINETIC ENERGY HARVESTING SYSTEM

A KEH system can be structured as shown in Fig. 1 [16].
First, a KEH device, in which a mechanical converter trans-
forms the waves’ oscillation into DC current. Secondly,
an Energy Storage Element (ESE), which handles the power
variability from both the KEH device and the drifter, e.g.
the load; so, it either gathers energy when the KEH device
produces more power than required or provides energy to the
load in the opposite case. Thirdly, a PMU, an electronic system
that fits the generated power to the power supply requirement
of the load and which oversees the power flow control. The
three are fully described below.

A. KEH Device

Harvesting the energy from the waves at non-anchored
autonomous devices is usually done by inertial systems. These
systems rely on a proof mass which moves in relation to the
main body thanks to the excitation of the waves. That relative
motion drives an electrical generator which converts the energy
from mechanical to electrical. The harvested energy depends
on the physical characteristics of the harvester, achieving
higher power levels with higher sizes and weights. Also, this
energy is directly proportional to the wave frequency and
amplitude [17].

Recently, a first prototype of an inertial KEH device was
designed and manufactured [14], which is a mixture of gyro-
scopic and pendulum systems. It consists of three gyroscopic
arms which capture the oscillation induced by waves and
transforms it into rotation in a DC generator. In this work,
a modified version of the KEH device, previously presented
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Fig. 2. Architecture of the proposed KEH device with the description of
the different parts.
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Fig. 3. Thévenin equivalent circuit of the electrical generator (left). Circuit
schematic of the ADP5092 configured to work as the PMU (center) and
ESE (right).

n [15], is used. Fig. 2 shows a 3D model of the design
with the description of the different parts. Relative to the
device introduced in [14], the three gyroscopic arms have been
replaced by an articulated pendulum arm with a proof mass.
This way, the design of the KEH device is simplified and its
size is reduced, thus increasing its power density. The proof
mass moves relatively to the drifter with pendulum motion.
Then, through a gear system, energy is accumulated in a
flying wheel which drives a DC electrical generator. The gear
system also increases the rotation velocity with a positive ratio
of 35 and, thanks to a one-way gear mechanism, the flying
wheel only rotates in one angular direction, at which energy
is accumulated.

The electrical generator, updated with respect to [14], [15],
is a miniature DC motor, which can be modelled as an equiva-
lent Thévenin circuit [18], as shown in the leftmost part of the
circuit in Fig. 3, where Rj is the internal equivalent resistance
and V. is the generated electromotive force (EFM) in volts.
On the other hand, Vgen is the voltage at the output terminals.
Using the maximum power transfer theorem, maximum power
is extracted when Vgen = 0.5Vq, which is known as the
maximum power point (MPP) voltage (Vmpp) [19]. So, the
maximum achievable power (Pypp) is given by

Pupe = Vg /(4Ry) e)
with Vi, given by
Voc = Kgpw (2)

where K, is the constructive constant, ¢ the magnet field
generated by the permanent magnet, and w the generator
rotor speed [18]. Since K, and ¢ are constants, Vi is
proportional to w. Within one single pendulum cycle, while
the pendulum applies torque through the one-way gear, the
flywheel accelerates, increasing w and thus V., whereas when
the pendulum moves in the other direction the one-way gear
rotates freely, so that the flywheel slows down, thus reducing
w and V,.. Therefore, w and V,. will have both DC and AC
components, even for a constant excitation source. The AC
component will be periodic with the same frequency of the
mechanical movement of the pendulum. Anyhow, the flywheel
increases the system inertia thus reducing the variability (i.e.
the amplitude of the AC component) on w and thus on V.
In principle, a lower variability is desirable for the ensuing
PMU, as will be argued later in Section V-B.

B. PMU and ESE

In self-powered autonomous systems, energy management
is crucial in order to maximize the lifespan of the device
and to guarantee the most efficient way to handle the gen-
erated energy [20]. To achieve this, a PMU with a MPP
tracker (MPPT) of the harvester device is required. Toh et al.
designed in [21] a system to follow the MPP of an electrical
generator by controlling the duty cycle of a boost converter,
who delivers power to a dc-link, and a flyback converter
to adjust the voltage level at the load. From then, many
conversion systems have been developed depending on the
energy source; a summary is presented in [22]. On the other
hand, the ESE can be a regular capacitor, a supercapacitor,
a rechargeable battery, or even an hybrid system [23].

Recently, many commercial PMU have become available.
In this work, the ADP5092 (Analog Devices) has been used
as the core unit. This PMU is based on a boost regulator
working on PFM mode [24] and with MPPT functionality.
It is a low-power module with a very low internal consumption
and works with input voltages (Vi) as low as 80 mV. On the
other hand, it provides a main output terminal (SYS) and a
battery charging terminal (BAT), which the ESE is connected
to, with programmable overcharge (Vhign) and discharge (Viow)
voltages to protect the ESE, e.g. a rechargeable battery. Each
programmable voltage counts on a hysteresis range (Vhyst1 and
Vhyst2) to prevent the PMU from switching continuously when
achieving these voltage thresholds (see Fig. 3).

Fig. 3 shows the circuit schematic of the designed PMU
together with the electrical generator of the KEH device (left)
and the ESE (right). The energy produced by the generator
is first collected in the input capacitors C; and C; (placed in
parallel). A diode (D7) prevents the generator acting as a load.
Capacitors C3 and C4 are respectively connected to BAT and
SYS terminals.

The PMU can work in three modes, depending on the volt-
ages at the SYS (Vsys) and BAT (Vgar) terminals: Fast-Cold
Start-Up, Asynchronous and Synchronous. Fig. 4 illustrates
the temporal evolution of these voltages from the Fast-Cold
Start-Up mode when a net power is produced. During the
Synchronous mode, BAT and SYS terminals are internally
connected. This mode is the most power efficient and thus
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my Drifter mass 3.472 kg
22V l R Drifter radius 0.1 m
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Fig. 4. Fast cold start-up sequence at the PMU. Source: Analog devices CSA E; ADC m CSA IMU | | > l
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DP  12C g AA A, PC
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desirable. The PMU stays in this mode whenever the voltage NodeMCU Drifter Receiver
Vsys lies between Vhign and View, which are settable via
. . —— KEH Syst.
resistors Rz to Rg. 'C,Z$Z: Syst

As for the MPPT functionality, different options are avail-
able. Here, the dynamic sensing mode is selected, which
is based in the well-known fractional open circuit volt-
age (FOCV) technique. In this technique, the open circuit
voltage of the harvester device (V) is periodically sampled
and a fraction of it is used to dynamically fix its output (Vgen)
at its MPP (here 0.5V,.). Due to the presence of Dy, it is the
PMU input voltage (Vi = 0.5V,) that is actually fixed via
resistors Ry and R», which act as a voltage resistor divider.
The MPPT sampling time and period are predetermined by
the chip to 256 ms and 16 seconds, respectively. The sampled
MPP voltage is held at Cs.

I11. WAVY AND TEST DRIFTERS

The EC-funded MELOA project [25] aims to develop a new
family of spherical drifters (WAVY) for marine monitoring that
are low-cost, easily deployable, high versatile, and low main-
tenance systems. The WAVY family of products will include
from coastal drifters for short deployments to oceanic drifters
with energy scavenging solutions for long term deployments.
One of these units is the WAVY Ocean-plus drifter, whose
aim is to measure Lagrangian currents at the ocean surface.
It is planned as an undrogued drifter with GNSS (Global
Navigation Satellite System) for positioning and equipped with
two thermistors used for the calibration of satellite sea surface
temperature data. Furthermore, ocean wave parameters will be
analyzed through an IMU and the satellite communication will
be ARGOS-based [26].This WAVY drifter will be equipped
with a hybrid energy harvesting system consisting of a solar
panel and a KEH system. TABLE I shows some mechanical
parameters of the WAVY drifter. Its buoyancy is optimized to
prevent the drifter trajectory responding to the wind instead of
the ocean current, while providing just enough exposure of the
antenna to ensure acquisition of the GNSS signal and reliable
near real-time satellite communications.

In this work, a specific test drifter with an embedded mea-
suring system and with the same mechanical characteristics of
the WAVY drifter (TABLE I) has been designed, so that the
same motion behavior is obtained. The aim of this test drifter
is to become a test platform of the KEH system that will be

Fig. 5. Block diagram of the experimental setup that includes the test
drifter (left) and the receiver (right).

Ve 68 Q 1kQ Ve
Counts to DP
Infrared emiter ¥ 3 | & Phototransistor
—=— GND GND ==

Fig. 6. Schematic of the circuit used to infer the rotation speed of the
electrical generator, based on an infrared emitter and a phototransistor.

embedded in the WAVY drifters. This test drifter does not
include the temperature sensors, the communication units nor
the solar panels of the WAVY unit, but it still contains the KEH
system and an IMU (MPU-9250, Invensense). In addition,
an embedded measurement system is included as well as a
Wi-Fi connection for wireless transfer of the measured data
to a nearby Personal Computer (PC). Fig. 5 shows a block
diagram of the experimental setup with the test drifter (left)
and the user receiver (right). The receiver includes a Wi-Fi
router to collect the data from the drifter and a PC to
plot them in real time. The KEH system is represented in
orange, the measurement system in light blue, the power
connections links in brown, and the communication links in
green. An open-source low-power NodeMCU development kit
(https://www.nodemcu.com) has been selected as the control
unit of the measurement system in the test drifter. It is based
on the ESP8266-Module (Espressif Systems), which contains
a Wi-Fi communication module.

The IMU provides the data corresponding to linear acceler-
ation (Ax, Ay, A;) and angular velocity (Gx, Gy, G;) along
the three axes through an I2C bus; the rotation speed of
the KEH generator is inferred using the circuit shown in
Fig. 6, which has been improved with respect to that used
in [15]. An infrared emitting diode (VSMG2000XO01, Vishay),
attached to the main body of the KEH device, points to an
also attached phototransistor (PT100MFOMP1, Sharp), whose
collector terminal is connected to a digital port (DP) of
the NodeMCU and through a pull-up resistor to the power
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Fig. 7. Circuit schematic of the Current Sense Amplifier based on a

MAX9934 (Maxim).

Fig. 8. Photograph of the designed KEH device.

supply (Vec). One of the gear wheels with a hole on its
surface spins in between; whenever the hole is aligned with the
emitter-receiver couple, a logic “0” is generated at the digital
input. Contrariwise, a logic “1” is generated.

The measurement system has been upgraded with respect
to that used in [15] to measure input and output power to the
PMU; the Adafruit module based on the Analog-to-Digital
Converter (ADC) ADS1115 (Texas Instruments) has been
selected for this task. Its main characteristics are: 4 multi-
plexed analog channels, maximum data rate of 860 samples/s,
16 bit, and 12C communication. Referring to Fig. 3, the first
(Vcui1) and the second (Vcpz) channels measure Vip and
VBT, respectively. The third (icy3) and fourth (icy4) channels
are used for the measurement of the input and output (BAT
terminal) currents of the PMU, respectively (see Fig. 3).
Each current measurement is achieved using a Current Sense
Amplifier (CSA) placed before the respective ADC channels.
Fig. 7 shows the circuit schematic of the CSA, which includes
an input shunt resistor (RsgNsg), which the current to be mea-
sured (Isgnsg) goes through, and an output resistor (Rout).
The output terminal (Voyr) is connected to the ADC channel.
The CSA is based on a MAX9934 chip (Maxim) with a
transconductance gain of 25 4 A/mV.

IV. MATERIALS AND METHOD

A. KEH System and Test Drifter

Fig. 8 shows the manufactured prototype of the KEH
device. It has a proof mass of 220 g and a total diameter of
10 cm. The main body has been 3D printed with polyamide
and the proof mass made with lead. The total gear ratio is
35. The miniature DC motor referred to in [14], [15], used
as electrical generator, has been replaced here by the 118391

model from Maxon Motors, presenting a nominal voltage
of 12 V and a terminal resistance (R;) of 114 Q. Apart from
being more rugged and reliable, it provides higher voltage
outputs at the same mechanical excitation, letting the PMU to
work at higher efficient rates.

A BAT47 schottky diode was chosen for the PMU; accord-
ing to manufacturer information of the ADP5092, the follow-
ing capacitor and inductor values were used: C; = 10 uF,
Cy = 100 nF, C3 = 220 uF, C4 = 4.7 uF, C5 = 10 nF,
and Ly = 22 uH. The selected ESE was a Li-ion battery
of 3.6 V and 2.2 Ah, which sets Vpar. In order to protect
it, Vhigh and Viow were set at 4.2 V and 2.4 V, respectively,
using R3 = 3.57 MQ, R4 = 6.49 MQ, Rs = 4.12 MQ, and
Rs = 5.9 MQ, as indicated by the chip manufacturer. Thus,
the PMU mostly worked in the synchronous mode. The MPPT
was set at dynamic sensing mode with a ratio of 0.5 with
respect to Vi, programmed with Ry = Ry = 10 MQ.

As for the embedded measuring system, which is upgraded
from that described in [15], as described in section III,
the NodeMCU was configured to send collected data every
20 ms through its Wi-Fi connection. The data collected consist
of the following: IMU (Ax, Ay, A, Gx, Gy, G), the rotation
speed of the generator in the KEH device (in number of
counts) and the input and output voltages and currents at the
PMU (Vcui, Ve, icus, and icga). The IMU was placed
on the center of mass of the drifter. The mean rotation in the
generator shaft was inferred during a time interval long enough
to achieve a tolerable resolution. The ADC was set with
single-shot operation and a data rate of 475 samples/s. The
first CSA (icu3) used Rspnsg = 0.5 Q and Rout = 22 kQ,
resulting in a gain of 275 V/A, whereas the second CSA (icn4)
used Rsense = 3.3 Q and Royt = 12 kQ, resulting in a gain
of 990 V/A. The NodeMCU was powered by a 9V Li-lon
battery; an internal linear regulator (AMS1117, Advanced
Monolithic Systems) provided 3.3 V to the IMU, the pair
emitting diode—phototransistor, and the CSAs. In addition,
an external switching regulator (TSRN 1-2450A, TracoPower)
provided 5 V to the ADC. Fig. 9 shows a 3D design of the test
drifter with the distribution of the different components (top)
and a photo of the drifter with the cover removed (bottom left).

B. Tests Performed

The first step was to characterize the Maxon DC motor,
working in reverse mode as an electrical generator, in the
laboratory. Its shaft was excited by attaching it to the shaft
of another DC motor at different rotation speeds (@) and the
generator output (Vgen) was connected to a source measure-
ment unit (SMU, Agilent B2901), in order to emulate different
electrical loads (RLoap) as shown in Fig. 10. For each rotation
speed (w), a voltage sweep was performed with the SMU while
measuring the output power.

A laboratory test was then performed to the test drifter
(Fig. 5 left box), which consisted on placing it on a linear
shaker (APS Dynamics: 129) with displacements in a single
direction with controllable acceleration amplitude and fre-
quency. The IMU X-axis was aligned with the shaker direction
so accelerations were restricted to this axis. The pendulum
arm of the KEH device was also aligned with that direction to
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KEH
Device

Fig. 9. (Top)The 3D model of the test drifter with the internal axis position
and the distribution of the components. (Bottom) Photos of the drifter (left)
with the cover removed and (right) during the deployment at sea.
TABLE Il
WAVE PARAMETERS DURING THE DEPLOYMENTP

Parameter Mean Value Max./Min Value Units
Wave height 143 2.12 m
Wave Frequency 0.29 0.15 Hz
Wave Direction 195.94 - °(N)

®Data from the ADCP located in the OBSEA observatory

maximize the energy conversion. This test allowed to assess
the performances of all subsystems.

Finally, a test was performed in real sea conditions near
the OBSEA observatory [27] off the coast of Vilanova i la
Geltrd, Spain. It is a controlled area in which sea conditions
are monitored and measured by an Acoustic Doppler Current
Profiler (ADCP). Fig. 9 (bottom right) shows images of the
test drifter deployed at sea. A boat was used to carry the PC
where the data were collected. In addition, the drifter motion
was also simulated in OrcaFlex (Orcina), which is a dynamic
analysis software for offshore marine systems. The drifter was
modelled with the parameters shown in TABLE I, with the
sphere modelled by 24 stacked flat cylinders of appropriate
diameters [15]. The sea state was modelled using the average
values shown on TABLE II and the Ochi-Hubble wave spec-
trum [28]; this spectrum was considered more appropriate than
that used in [15]. These simulations were then compared with
the experimental results.

V. EXPERIMENTAL RESULTS
A. Electrical Generator Characterization

Fig. 11 shows the output power and current versus the
output voltage (Vgen) of the electrical generator at different
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- o.z
Q5
£9 l} 1\
(]
3g 02 ! , . ‘ ; . > . ! .
2 0 5 10 15 20 25 30 35 40 45 50
Time (s)
2
. G 0.02 - - - - : . - r :
[
52 001t
% £
-]
@ 0 L L L " L L L L L
Q.
» 0 05 1 15 2 25 3 35 4 45 5
Frequency (Hz)
Fig. 12. Linear acceleration of the drifter along the X axis (Ax) when

attached to the shaker (above) and its Power Spectral Density (PSD,
below).

rotation speeds (w defined in revolutions per minute, rpm),
with no load connected to the generator output. It can be
seen that the maximum power (Pvpp) happens at around
half V., which is coherent with the Thévenin model of the
generator presented in Section II-A. In addition, Pypp and
Voc are found to be nearly proportional to the square of Vi
and to w, respectively, as predicted by (1) and (2). From the
corresponding current-voltage characteristic (in dashed lines),
an equivalent internal resistance of around 125 Q is inferred,
which nearly matches the terminal resistance (Rg) specified
by the manufacturer (114 Q).

Comparing these results with those of the generator used
in [14], [15], a three-fold increase in voltage is achieved.
This benefits the performance of the PMU, since low input
voltages (below ~0.2 V) lead to a significant decrease of
the power efficiency, according to data provided by the chip
manufacturer. This behavior can also be observed in Fig. 9
of [14], in which the PMU was characterized. In addition,
the values of Pymp also increase.

B. Shaker Test
Fig. 12 (top) shows the drifter linear acceleration Ax reg-
istered by the IMU during a time interval of 52 s when the
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Fig. 13. Rotation speed (dotted-orange, right axis) and Vj, (solid-blue,
left axis) with the drifter attached to the shaker.
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Fig. 14. PMU input (top plot, in blue) and output (middle plot, in green)
powers. Both with their mean value (in red and orange, respectively)
before and after the step change in Ax amplitude. The bottom plot shows
the PMU efficiency averaged at intervals of 3 s. The drifter was attached
to the shaker.

acceleration frequency of the shaker was configured to 2.1 Hz.
It can be readily seen that the peak-to-peak amplitude was
changed from an initial value of 0.45 g to 0.34 g (rms values
of 0.16 g to 0.12 g, respectively) at time 28 s. Fig. 12 (bottom)
shows the power spectral density (PSD) of Ax obtained by
applying the Fast Fourier Transform (FFT) with MATLAB
software. The frequency detected in the PSD matches with
that programmed for the shaker. A constant vertical (Z-axis)
acceleration of 1 g (not plotted in Fig. 12) was also found,
corresponding to the gravitational acceleration.

Fig. 13 shows the corresponding generator rotation speed
(in rpm and averaged in time intervals of 3 s) and Vj, at
the PMU. The ESE was previously charged to 3.9 V (Vpar).
While the Ax amplitude was high, rotation speed was around
900 rpm and the PMU Vypp about 0.6 V (Vo ~ 1.2 V). When
the Ax amplitude decreased, rotation speed fell to around
600 rpm and Vipp decreased to about 0.3 V (Vo ~ 0.6 V).
These changes in rotation speed and Vypp happened at a
later time (at time 34 s) than the change in Ax amplitude
due to the interval update of Vypp of 16 s. Correspondence
between rotation speeds and voltages are coherent with the
results shown in Fig. 11.

Fig. 14 shows the input (blue line, top plot) and output
power (green line, middle plot) at the PMU with peak values
of 2.73 mW and 2.17 mW, respectively, before the step change,
and 0.97 mW and 0.72 mW after the step. In both plots,
the mean power (P, and P, for input and output power,

respectively) before and after the step change in Ax amplitude
are also represented. Before the step, P, was 608 uW and
Poue was 522 u'W. After the step, P, and Py fell to 243 uW
and 207 u'W, respectively.

Peak input powers are coherent with the results of Fig. 11.
However, power generation is not constant, but pulsating.
The frequency of this pulsating power production is 2.1 Hz,
matching with the frequency of Ax, which is coherent with
the performance of the KEH device described in section II-A.
As mentioned, V¢ presents an AC component with the same
frequency of the movement of the pendulum and thus of Ay.
Since Vi, is constant between the update intervals (16 s),
the input power and thus the output power will be pulsating.
The variation of V. between update intervals also prevents
the system from continuously working at the generator’s MPP
and thus from achieving the maximum energy production.
However, this problem is minimized by reducing the variability
on Vo, done by the flying wheel as described in Section II-A.
On the other hand, the diode avoids draining power from
the generator whenever V., (which changes within an update
interval) is lower than Vj, (which is constant within an update
interval) but also introduces some losses. To quantify them,
both the diode voltage drop and the current through the diode
were monitored during the first 28 seconds, before the step
change in Ay, resulting in average values of 0.18 V and
1.2 mA, respectively. The average power loss at the diode
was 310 ¢'W, which is significant compared to P, (608 u'W).
Future designs should tackle this loss and reduce it.

The bottom plot of Fig. 14 shows the evolution of the PMU
efficiency averaged in time intervals of 3 seconds. Most values
are around 85 %. This is a significant improvement compared
to the generator used in [14] and [15], in which the efficiency
significantly decreased for rotations speeds below 900 rpm,
as shown at Fig. 9 of [14], due to the lower generator voltage
as previously stated.

C. Test at Sea

TABLE II shows the wave parameters data provided by the
OBSEA ADCP during the test at sea. The mean values of
the wave height and frequency were 1.43 m and 0.29 Hz,
respectively.

1) Drifter Motion Behavior: Drifter hydrodynamic motions
are composed of two movements, the vertical lineal oscillation
and the horizontal angular oscillation. The first one (along
the Z axis) is originated by the drifter buoyancy when an
external excitation sinks it. The horizontal angular oscillation
is due to the center of mass displacement relative to the
geometrical center (TABLE I). A previous, exhaustive analysis
of the drifter hydrodynamic motion behavior was presented
in [15]; it consists of an analysis of the accelerometer (Ax, Ay,
A;) and gyroscope (Gx, Gy, G,) data provided by the IMU
sensor. The inferred drifter orientation (Roll, Pitch and Yaw)
were also studied. Here, some of those parameters considered
relevant for this work (Ax and Az) are shown and analyzed
with new data acquired during the test at sea.

Fig. 15 shows Ax and A, during a time interval of 142 s
when the drifter was placed at sea, as well as their PSD. For
the horizontal component, only data corresponding to the X
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Fig. 15. Drifter linear accelerations at X (Ax) and Z (Az) axis when
placed at the sea and their respective PSD compared with the PSD from
the simulated results.

axis is shown since the PSD of the Y axis component was
found to be similar. It can be seen that Ax has a peak-to-peak
amplitude of 0.8 g (with a rms value of 0.08 g) and a peak
frequency (PSD graph) around 1.5 Hz. On the other hand,
A, is centered at 1 g due to the gravitational acceleration,
with a peak-to-peak amplitude of also 0.8 g (with a rms value
of its AC component of 0.14 g). The DC component of the
gravitational acceleration is not shown in the PSD to facilitate
the visualization of the other components, showing a peak
frequency around 1 Hz and also lower frequency components
related to the wave movement. Peak frequencies are similar to
that obtained in [15].

Fig. 15 also includes the PSD of Ax and A, from the
simulation results. These spectra are similar to those of the
experimental results, which validates the simulation model.
The OrcaFlex model is thus a powerful tool with which to
anticipate the behavior of the drifter in different sea states.
Auvailing of this, different sea conditions have been simulated
with the model. The results show that the PSD peak frequen-
cies of the vertical and horizontal oscillations do not depend
on the sea conditions but rather on the constructive parameters
of the drifter. This is coherent with [29], where it is stated
that the natural frequency of oscillation of a body placed in a
fluid depends on the fluid properties (density) and the physical
parameters of the body. On the other hand, the amplitude of
the accelerations and therefore the potential generated power
depends on the wave height and frequency [17]. So, by using
the validated OrcaFlex model, future simulations may provide
information about how to tune parameters from TABLE I to
maximize the power generated in the drifter.

2) KEH System Analysis: Fig. 16 shows the generator rota-
tion speed and Vj, at the PMU for the same time frame as
in Fig. 15. Here, the ESE was charged at 4.1 V before the
test. As expected, both the rotation speed and voltage have a
much higher variability than in the shaker test. Rotation data
in Fig. 16 are plotted with values averaged over time intervals
of 6 s to reduce their higher variability. The average rotation
speed was 437 rpm. Again, MPP voltages were updated every
16 seconds. When the generator rotates at low motion or even
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Fig. 16. Rotation speed (dotted-orange, right axis) and Vj, (solid-blue,
left axis) with the drifter deployed at sea.
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Fig. 17. PMU input (top plot, in blue) and output (middle plot, in green)
powers. Both with their mean value (in red and orange, respectively). The
bottom plot shows the PMU efficiency average at intervals of 20 s. The
drifter was deployed at sea.

stops (t = 140 s), Vi, falls to O V, harvesting no energy during
the next 16 seconds until Vi, is updated again.

Fig. 17 shows the corresponding PMU input and output
power. As in the shaker test, power signals are pulsating,
now with peak values of 3.5 mW and 2.6 mW, respectively.
The average power values were Py, = 225 uW and Py =
179 puW. These values are lower but not far from those
achieved in the shaker test when using the low acceleration
(rms of 0.12 g), which is coherent with the lower acceleration
for Ax achieved in the sea test (rms of 0.08 g). Finally,
the bottom plot presents the mean PMU efficiency for 20 s
intervals, ranging from 70 % to 90 % with an average of 80%.

In a previous work [30], the power consumption of a
TD1205P, including sensing, processing and transmitting, was
evaluated as an option for tracking drifters in coastal areas.
Since the energy used per transmitting cycle was 1.49 J,
10 transmissions per day would be feasible with the power
generated during the sea test (average of 179 ¢W). This issue
will be better assessed in the near future with longer term
deployments.

From the related literature presented in section I, only the
work of Li et al. [13] is similar to this paper with regard
to the KEH device size and weight and to testing it in an
actual sea environment. However, they did not use any PMU
and only gathered the AC open circuit voltage at the output
of the KEH device using a commercial measurement system.
This paper goes beyond that work by including a PMU after
the KEH device with MPPT functionality in a test at sea,
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able to recharge a battery and power electronic loads and
sensors. In addition, a custom-made embedded measuring
system was developed, enabling the acquisition of several
crucial parameters such as accelerations and velocities of the
drifter, rotation speed of the generator and input and output
powers of the PMU. Future work is foreseen in improving both
the KEH device and the PMU to increase the overall power
output.

VI. CONCLUSIONS

A novel KEH device has been designed and developed for
powering undrogued drifters. It is comprised of a gearing sys-
tem that transforms the pendulum oscillations induced by wave
motion into rotation of a flywheel, which are then transmitted
to an electrical generator. Its output is further processed by a
PMU, which includes an MPPT to gather the maximum energy
from the generator. To assess the performance of the KEH
system at sea, a specific test drifter has been designed. The
drifter contains the KEH system together with an embedded
measurement system which counts on an IMU and other
parts to estimate the rotation speed of the generator and the
input and output power in the PMU. A Wi-Fi connection
for transferring data at short distances is also present. First,
the generator was characterized, verifying that it behaves as an
equivalent Thévenin circuit. Then, the test drifter was validated
on a linear shaker and later deployed at sea. Results of the
test at sea, with waves of 1.43 m height and 0.29 Hz in
average, show horizontal and vertical oscillations with peak-
to-peak accelerations of 0.8 g and power spectra centered
around 1.5 Hz and 1 Hz, respectively. This resulted in a mean
power of 179 uW achieved at the PMU output with peaks
of 2.2 mW. A priori, this would be enough for powering a
TD1205P low-power module, proposed for tracking drifters,
transmitting 10 times a day, but this result must be further
verified with longer term deployments.
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Abstract—Maximum Power Point Tracking (MPPT)
techniques for low-power pendulum-type Wave Energy
Converters were evaluated. A Kinetic Energy Harvester
previously designed, together with a Power Management Unit,
were tested on a linear shaker to compare three MPPT
techniques, the Constant Voltage versus two variants of the
Fractional Open Circuit Voltage (FOCV). Results show a 25%
improvement on the scavenged energy with one of the proposed
FOCY techniques with respect to the other ones.

Keywords— Drifter, Kinetic Energy Harvesting (KEH), Power
Management Unit (PMU), Maximum Power Point Tracking
(MPPT), Fractional Open-Circuit Voltage (FOCV).

L INTRODUCTION

Ocean monitoring has become crucial to preserve marine
biodiversity. Lagrangian Drifters are autonomous floating
devices that provide oceanographic surface data. They are
low-cost, low-power and easy-deployable marine
instrumentation. Power autonomy is desirable in order to
avoid maintenance costs and waste generation [1]. To achieve
this autonomy, some manufacturers use photovoltaic (PV)
panels (Sofar: Spotter, Fastwave: Voyager Solar).
Nevertheless, if the drifter is strictly dedicated to current
monitoring, its body must be mostly submerged to avoid the
wind effect [2] and, thus, the irradiation at the PV panels is
attenuated.

As an alternative, other energy sources may be explored,
such as the oscillatory movement of waves. Wave Energy
Converters (WEC) have proved their viability in high-power
electric generation plants to work as Kinetic Energy
Harvesters (KEH) and now they are also showing up to
supply low-power devices such as gliders and drifters [3], [4].
In this latter case, a Power Management Unit (PMU) is used,
which can also include a Maximum Power Point Tracker
(MPPT) to extract maximum energy from the KEH device.

In [5], a KEH system embedded into an ocean drifter was
presented, which included a KEH energy transducer (KEH
device, hereafter), a PMU with an MPPT, and an energy
storage element (ESE). In [6], the KEH system was assessed
on a wave flume using a couple of MPPT techniques. This
paper extends those works by comparing three MPPT
techniques using a laboratory setup to find the most optimum.

II.  MPPT TECHNIQUES ON KEH SYSTEMS

MPPTs are used in energy harvesters to extract maximum
energy. Suitable MPPT techniques can be applied once the
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electrical model of the KEH device is known. So, Section I1.A
presents the KEH device and its electrical model and Section
II.B describes several MPPT techniques and selects some of
them to be compared.

A. KEH device

A novel prototype of a KEH device was designed,
manufactured and tested in [5]. It is a pendulum-type system
which uses the motion of the waves to generate power (Fig.
1, left). The KEH device consists of an articulated pendulum
arm with a prof mass. This mass relatively moves with
respect to the main body, attached to the drifter, with
pendulum motion. Then, through a gear system, rotation is
accumulated in a flying wheel which drives a DC electrical
generator. The gear system increases the rotation velocity
with a ratio of 35 and, due to a one-way gear mechanism, the
flying wheel only rotates in one direction, at which energy is
accumulated.

The electrical generator is a miniature DC motor, which
can be modelled as a Thévenin equivalent circuit [7], as
presented in Fig. 1 (right). Rg is the internal equivalent
resistance, Voc is the generated electromotive force (EFM)
and Ve is the voltage at the output terminals [8]. Using the
maximum power transfer theorem, maximum power is
extracted when Vgen = 0.5Voc, which is known as the
maximum power point (MPP) voltage (Vwmpp). So, the
maximum achievable power (Pupp) is given by

Pure = Voc*/(4Rc) (D
with
Voc = Kc,(oa) (2)

where Kg is the motor constructive constant, ¢ the magnet
field generated by the permanent magnet, and w the generator
rotor speed. Since Kg and ¢ are constants, Voc is proportional
to w. Within one single pendulum cycle, while the pendulum
applies torque through the one-way gear, the flywheel
accelerates, increasing w and thus Voc, whereas when the
pendulum moves in the other direction the one-way gear
rotates freely, so that the flywheel slows down, thus reducing
w and Voc. Therefore, w and thus Voc will have both DC and

Elec. Gen. model
—

Main Body
_—

Electrical /
generators/

Fig. 1. KEH device with its main components (left, [5]) and its electrical
model (right).
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AC components, even for a constant excitation source. The
AC component will be periodic with the same frequency of
the mechanical movement of the pendulum [5].

B. MPPT techniques

In EH-powered systems, a wise and efficient energy
management is crucial. Kokert et. al. [9] presented a
reconfigurable micro-power management platform and
summarized different MPPT techniques. Two of the most
popular ones are the Fractional Open Circuit Voltage (FOCV)
and the Perturb and Observe (P&O). The P&O technique [10]
requires the measurement of the output power of the harvester
device (Pgen). Usually, this is performed via the
measurement of voltage and current but in [11] power was
estimated via the charging time of a capacitor. Anyway, the
P&O technique is based on the following principle: Vgen is
periodically perturbed and Pgen measured. Whenever Pgen
increases, Vgen moves towards Vyvpp and thus must be further
perturbed in that direction. Otherwise, if Pgen decreases,
Vgen moves away Vvpp and thus must be perturbed in the
opposite direction. In low-power harvesters, as the KEH
device presented here, the harvested energy may not pay-off
the energy consumed by the required computation resources.
Contrariwise, the FOCV technique [12] is simpler. Here, the
output of the harvester device is periodically open to sample
Voc and then is dynamically fixed at its MPP by forcing Vaen
to a fraction of Voc. This fraction is not precisely defined for
some harvesters devices such as photovoltaic cells, which can
prevent working at the true MPP [13]. But for the KEH
device, this fraction is well defined to 0.5, as described in
section II.A. So, this technique will be used here. Still, since
the harvester device opens periodically to sample Voc, some
inherent losses are present. Finally, an even simpler
technique, the constant voltage (CV) will also be used. It is
based on providing a fixed voltage as the Ve to the PMU
eliminating the inherent losses of the FOCV. The aim is that
this voltage be near the actual Vmpp. Nevertheless, Voc and
thus Vupp of the KEH device will depend on the specific sea
conditions. Moreover, Voc includes an AC component, as
mentioned in Section II.A. So, the suitable fixed voltage must
be experimentally tuned.

A preliminary evaluation of the CV and FOCV techniques
using the ADP5092 (Analog Devices) PMU was done on the
LIM-UPC wave flume and results were reported in [6]. It was
concluded that different voltages should be tested on the CV
and the sampling period should be lowered on the FOCV.
This article is focused on achieving these goals to determine
the most suitable MPPT technique.

III. MATERIALS AND METHOD

A linear shaker with controllable acceleration amplitude
and frequency was used to emulate in the laboratory the
drifter’s movement under a sea environment. The drifter
prototype presented at [5], with its embedded KEH and
measurement systems, was used. The drifter movement was
restricted here to a fixed acceleration frequency and
amplitude. Three MPPT techniques were compared, the CV
and two based on the FOCV.

A. Testing system

The setup of the testing system is shown in Fig. 2. A
function generator FG1 (HP 33120A) generates a sinusoidal

——|FG2 "( i PS |

Trigger 12
| KEH s PMU 2 { ESE | LAN
[Fe1]
Pin Pout MU <+ l
V.Sign.
- E, MCU — PC
Ampl. i as -
Drifter Receiver
C.Sign. x Linear Shaker x |
Contr. Comm. Power KEH Syst.

Fig. 2. Block diagram of the testing system that includes the instrumentation

for the excitation of the drifter and the measurement of the data.

voltage which is connected to a power amplifier (APS 124).
The amplifier transforms this signal into a sinusoidal current
which controls the acceleration amplitude and frequency of
the linear shaker (APS 129).

The drifter was attached to the shaker with the KEH
device’s pendulum aligned to the movement axis. The drifter
included the KEH system and a measurement unit that
provides the input and output PMU powers (Piv and Pour,
respectively) and the drifter (and thus the linear shaker)
acceleration (a;) via an inertial measuring unit (IMU). Data
were taken every 20 ms with an Arduino based
microcontroller (MCU) and wirelessly sent to a PC that
processed and logged them. Measuring system is
independently powered by a 9 V cell (9VCELL). Further
information about this drifter prototype is given at [5].

FG1 voltage signal was swept from 0.4 to 2 V peak-to-peak
amplitude at a frequency of 2 Hz and as was measured to
obtain the transfer characteristic of the excitation subsystem.
Then, FG1 voltage amplitude was set to 1 V for the rest of the
tests.

As can also be seen in Fig. 2, a power supply PS (HP
E3631A) provided a constant voltage (Vmpp) to the PMU
needed for the CV technique. On the other hand, FG1 trigger
output was used to synchronize another function generator
FG2 (HP 33120A), whose output signal was used to generate
Vwree for one of the FOCV techniques. This will be further
described in section III.B.

B. PMU setup

In this work, the ADP5092 (Analog Devices) has been
used as the PMU. It is based on a boost regulator with MPPT
functionality and with a very low internal consumption that
operates with input voltages (Vin) as low as 80 mV. On the
other hand, it provides a battery charging terminal (BAT) to
which the ESE is connected. Fig. 3 shows the circuit
schematic with the generator model on the left, where the
manufacturer specified valued for Rg is 114 Q, the PMU on

| Pour
Bar! | |
:_E G | + |
T T
|
o _PMi! Dinamic se;s;gi

Fix mode

Fig. 3. Thévenin equivalent circuit of the generator (left). Circuit schematic
of the ADP5092 configured to work as the PMU (center) and ESE (right).
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the center, and the ESE on the right. Further information
about the PMU and the selected components values are given
in [5]. For this work, the Schottky diode was substituted by
the PMEG3050EP (Nexperia) to reduce forward losses. Also,
a smaller Po-Li ESE of 300 mA and 3.7 V (LP-402933-IS-3,
BAK) was chosen.

As for the ADP5092 MPPT functionality, two
configurations were used. One corresponds to the FOCV
technique described in section II.B (named FOCV1), where
Voc is periodically sampled every 16 s during 256 ms (fixed
by the ADP5092). Then, its 50 % value is obtained at the
MPPT pin through a resistor divider (R; = R = 10 MQ) and
held at C5 (CBP pin) as the Vupp. In the second configuration,
Vmpp 1s set externally by providing the voltage directly to the
CBP pin (and removing R; and R»). This configuration was
used for the CV and the other FOCV-based technique
(FOCV2). Vwmpp was provided for the CV by the PS and for
the FOCV2 by the FG2 (synchronized with FG1 and thus
with as).

First, Voc was acquired with a scope in order to find the
ideal Vwpp signal, i.e. 0.5Voc, which should be used for the
PMU. Then, tests with the three techniques (CV, FOCV1 and
FOCV2) were performed. For the CV, several DC voltages
were generated. For the FOCV2, FG2 was programmed with
different offsets and amplitudes at a frequency of 2 Hz in
order to continuously resemble 0.5Voc. In both cases (CV and
FOCV2), the aim was to find out the Vwmpp signals that
provided the maximum power.

IV. RESULTS

A. Acceleration characterization

From the experimental results, the following regression
line was obtained

as [g] = 0.26 Vi1 + 0.01 [V] 3)

According to (3), with FG1 set to 1 V, g, resulted in 0.27 g
(peak-to-peak at a frequency of 2 Hz), which can be observed
in Fig. 4 (top graph, blue line). Some offset can be observed,
due to the gravity effect and the fact that movement axis may
not be perfectly horizontal. Both acceleration amplitude and
frequency were similar to those used in [5] for the shaker test.

B. MPPT test

Fig. 5 shows 0.5Voc (black), which approximately presents
1 V offset and 0.6 V amplitude at a frequency of 2 Hz. This
agrees with the behavior described for Voc at the end of
section IL.A.

Experimental results for the three MPPT techniques are
shown at TABLE I, where column one specifies the MPPT
technique, columns two and three present the Vypp control
signal, columns four and five show the measured mean power
at the PMU input and output (Pmwav and Pourav,
respectively), and last column shows the mean PMU
efficiency (7). As can be seen for the Vmpp signal, CV

T T
—FG2 — 0.5V,
A V‘

VMPP voltages [V]

Time [s]

technique only uses DC voltages (offset), FOCV1
automatically generates it, and FOCV2 uses both DC and AC
components. The following conclusions can be drawn:

1) CV technique shows higher harvested power for Vupp
= 0.8 V, where Pnvav = 4.44 mW. Nevertheless, Pour is
slightly higher at Vmpp = 1 V because ADP5092 provides
better efficiencies at higher voltages. This value agrees with
the offset voltage of 0.5Voc in Fig. 5.

2) FOCV1 technique updated Vyvpp every 16 s, so much
slower than required to track 0.5Voc (with a frequency of 2
Hz and thus a period of 0.5 s, as can be seen in Fig. 5). Even
so, results are similar to the best results of the CV technique,
since Vwpp values were around 1 V, with the advantage that
no tuning process is necessary since Vypp is set automatically.

3)  FOCV2 technique provides the best results (power
improvement around 25%) for FG2 providing a Vwmpp signal
of 1 V offset and 0.7 V amplitude. Fig. 5 shows this signal (in
orange) jointly with 0.5Voc. As they are similar, the KEH
device operates near the MPP continuously, which justifies
the power improvement. Fig. 4 shows more results of the
FOCV2 test. Top graph shows the syncronization between a;
(blue) and Vmpp (orange) and bottom graph shows P, with
an average value of 5.54 mW. Instanteneous values of Py
agree with (1). Future work will address the application of
the FOCV2 technique in a simpler and automatic way, for
example using the FOCV1 technique at a higher sample rate.

TABLE L. MPPT TEST RESULTS
MPPT Vmrr (V) PMU power results

technique | Offser | Ampl. | Pivav (V) | Pourav (V)| 7 (%)
0.8 - 4.44 3.97 89.4

(0)% 1 - 4.42 4.02 90.9

1.2 - 4.23 3.92 92.5

FOCV1 - - 4.41 3.97 90.1
0.8 0.6 5.42 4.85 89.6

FOCV2 1 0.7 5.54 5.07 91.5
1.2 0.8 5.09 4.71 92.5

V. CONCLUSIONS

Three MPPT techniques have been tested on a linear
shaker for maximizing the harvested energy of a KEH system
embedded into an ocean drifter. Results show that harvested
energy improves up to 25% by providing an Vypp signal that
nearly matches half the open circuit voltage of the KEH
device. The generation of this signal was implemented using
specific instrumentation and tuning the Vwpp signal. Future
work will address the generation of this signal in a simpler
and more automatic way.
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Fig. 4. FOCV?2 test results with FG1 setto 1 V and 2 Hz and FG2 setto 1 V
offset and 0.7 V amplitude. Above, a; (left — blue) and Vypp signal (right —
orange); below, PMU input power Py (green).

Fig. 5. Signals 0.5Voc (black) and Vypp provided by FG2 of 1 V offset and 0.7
V amplitude (orange).
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Abstract— A new embedded system is presented for
real-time wave monitoring on coastal areas using SigFox
communication. SigFox is a Low-Power Wide-Area
Network technology that has been rarely used in coastal
marine monitoring. The system is based on the low-power
TD1205P module that includes a microcontroller, an
accelerometer, a GNSS receiver and a SigFox transceiver.
Each hour, the module estimates the wave’s maximum
height (Hmax) and mean period (7-), determines the GPS
position, and wirelessly transmits the data through the
SigFox network. The procedure for wave parameter
estimation is based on the zero-upcrossing method using
the vertical acceleration data. It was experimentally
validated by attaching the embedded system to a moored
buoy and comparing Hmax and 7 with that provided by a
seafloor acoustic wave and current profiler, used as a
reference. Results over a period of two months show a
good match for Hmax but less for 7, which cross-
correlation values at zero lag of about 0.85 and 0.5,
respectively. Power tests of the embedded system were also
performed resulting in a lifetime estimation of 420 days
with a battery pack of 3 Ah.

Keywords— Marine monitoring, Wave Height, Wave Period,
Low-Power Wide-Area Network (LPWAN), SigFox, Offshore data
transmission, Acoustic Wave And Current profiler (AWAC)

I. INTRODUCTION

Oceans are a key indicator of earth’s health. Small changes
in the seawater can have a strong effect on the weather but also
on many species’ behavior. Thus, oceanographic monitoring
becomes essential in terms of understanding biological and
meteorological changes. In addition, in-situ measurements
provide valuable data which can also be used, among others,
to calibrate satellite ocean observation systems [1] or wave
forecast models.

Acoustic Wave And Current profilers (AWAC) are in-situ
marine instruments commonly used in shallow waters and
placed at the sea bottom to measure waves and sea currents
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profiles, collecting data from waves such as their height,
period and direction. Underwater deployments, though, are
usually associated with high-costs. Furthermore, to monitor
real-time data from an AWAC, a moored buoy with wireless
communication or an underwater link [2] are also required,
which further increases the costs. Coastal waves can also be
measured with HF radar systems [3]. Nevertheless, this
infrastructure also implies high costs and cannot be deployed
in all coastal areas.

Small moored and free-drifting buoys equipped with
embedded Inertial Measurements Units (IMU) also estimate
wave parameters. These small-size solutions require lower
energy than previous ones, so they can achieve long term
power autonomy with primary batteries or even use solar
panels to achieve “perpetual” power. In [4], a surface buoy for
wave and current studies was presented, where Iridium
satellite communication was used. A similar system was
presented in [5], where several small-size buoys powered with
PV cells were moored in coastal areas. Even so, in these
solutions, the satellite communication module is the most
energy consuming part and significantly increases the budget
both for the module initial cost and for that related with the
data transmission (paid service).

Nowadays, Low-Power Wide Area Networks (LPWAN)
are starting to be used in coastal marine monitoring because
they provide small data transmission packages with relatively
low power and costs. Among them, LoRa and SigFox excel
[6]. In [7], LoRa communication was used to transmit
temperature and humidity from an Indonesian island and in [8]
the authors showed data transmission over the sea at distances
up to 28 km by placing expensive antennas between 50 and
100 meters above the sea level. In [9], LoRa was proposed in
coastal drifting buoys equipped with an embedded system to
acquire the wave parameters. However, this system has not
been fully implemented yet. On the other hand, SigFox
provides longer communication ranges than LoRa [6],
becoming more suitable for marine offshore applications. And
although the payload of SigFox messages is smaller than in
LoRa, so that just small amounts of data can be transmitted,
this is enough for remote marine wave monitoring. But just
few works can be found using SigFox, as the one presented in
[10], which aimed to track endangered salmons on Sweden
river zones.

In this paper, we designed and tested a low-cost and low-
power embedded system to estimate in real time some wave



parameters at coastal areas using SigFox LPWAN technology.
It is a smaller and more compact solution than the ones
proposed in [9] and [10] and is less energy consuming than [4]
and [5]. The paper is organized as follows. First, the
estimation of the selected wave parameters is described in
Section II. Section III describes the materials and method used
to evaluate the proposed system, and the results are
summarized and discussed in section IV. Finally, Section V
concludes the work.

II. ESTIMATION OF THE WAVE PARAMETERS

Wave parameters can be estimated by evaluating the time
series of the sea surface elevation (D,) from a single point. The
zero-upcrossing technique [11] uses the Still Water Level
(SWL) reference from the time series data to obtain the height
(H) and period (7) of each wave, as represented in Fig. 1. The
SWL is the sea surface level in the absence of wind and waves.
Then, multiple common parameters can be obtained such as
the significant wave height (H3), which is the mean height of
the third highest waves in the record, and the significant wave
period (73), which is the corresponding mean period. The
maximum wave height (Hmax) is the largest measured wave in
the record and the mean zero-upcrossing wave period (7) is
obtained by

T, = (1)

where T, is the time length of the record and N, is the number
of zero-upcrossings in that record, considering the SWL as the
zero level (D, = 0).

\T H

Fig. 1. Time series of the sea surface elevation (Dz), where the Still Water
Level (SWL) is used in the zero-upcrossing method to obtain the wave
height (H) and period (7).

In [12], we presented a drifting buoy prototype with a
measuring system that included an IMU. The buoy was
deployed on a Wave-Flume and the IMU raw data was
recorded and later processed off-line with a MATLAB
algorithm to obtain the wave parameters with the zero-
upcrossing technique. There, D, was obtained from the
vertical acceleration (a,), which is the normal procedure with
floating buoys [13]. However, unlike in [12], an IMU is not
available in the embedded system used in this paper (to be
described in Section IIT) but just a 3-axis accelerometer, so the
gyroscope data cannot be used to correct the potential tilt of
a,. This simplification was also used in [13] and proved to be
accurate enough. Furthermore, due to memory and processing
constraints, only Hmax and T are provided here. Fig. 2 shows
the steps followed to estimate them for each record.

VAT Y] DY
AR PAAAM HPF
¢ f

D, =

HPF . fl?z(t)dt HPF )

Vertical
acceleration (a,)

Wave param.
Hpaxand T,

v, =
[ a,(O)dt
Fig. 2. Steps for the estimation of the wave parameters Hmax and 7.

First, the gravity effect is removed from a, by subtracting
its mean value, incrementally calculated as

(i = DM[i — 1] + a,[i]
i

Mli] 2

Second, a discrimination window (DW), consisting on
assigning a zero value to values of a, < Smg, smooths out
accelerometer’s errors due to vibration and mechanical noise
during flat sea states. Third, a digital first-order high-pass
filter (HPF) removes the slow motion of the infra-gravity
waves (e.g. larger than 30 s), resulting in the wave orbital
acceleration. The implementation of the HPF in discrete-time
is given by

yli = a- i = 1] +x[i] = x[i = 1]) ©)

where x[i] and y[i] are the data set of samples before and after
the HPF, respectively, i is the number of the current sample
and a is given by

1
T 1t 2nfT,
where T is the sampling period of the accelerometer data and
fc is the cut-off frequency of the HPF. Fourth, the vertical

velocity v, is obtained performing a numerical time integration
given by [14]

“

ali — 1] + ali]

2 N
with the first value forced to zero. Again, (3) is used to filter
v, and D, is obtained by integrating the velocity using
v li — 12] + 1, [i] T
with the first value forced to zero. Then, (3) is subsequently

applied. Overall, applying three concatenated HPF better
removes the slow motion of infra-gravity waves.

Uz[i] = Uz[i - 1] + (5)

Dz[l] = Dz[l - 1] + (6)

Finally, 7, is obtained using (1) and Hpnax is determined
from the difference of the maximum and the minimum values
of D, for each time interval T,..

III. MATERIALS AND METHOD

A TD1205P tracker module (TDnext) was used to obtain
Hnmax and T, and wirelessly transmit the data. It was selected
because of its low power consumption and reduced size
(30x38x10.5 mm). Fig. 3 shows a block diagram of the
module, which includes an EFM32G (32-bit ARM Cortex-
M3-based) microcontroller unit (MCU), an ultra-low power
3D Accelerometer, a Hall-Effect sensor (not used here), a
GNSS receiver, and a SigFox communication transceiver. A
range of + 8 g for the accelerometer and an output
transmission power of +16 dBm for the SigFox transceiver
were selected. The SigFox transceiver allows to send up to 140

messages of 12 bytes per day.
g
o

|_ MCU - EFM32G
2|

o

(a]

Communication =

?Accelerometer” GNSS q J
L—

Fig. 3.TD1205P block diagram including the MCU, the accelerometer, and
the communication and GNSS modules.

The TD1205P module was programed to wake up every
hour. After wake-up, the execution routine is divided in five
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stages: 1) acquires 5 min (T, =300 s) of @, at 5 Sa/s (T; =
200 ms), resulting in 1500 data samples; 2) calculates Hmax
and T, using the algorithm described in Section II with f; =
1/15 Hz in order to remove the infra-gravity waves; 3)
determines the GPS position with an acquisition time that
depends on the current ephemeris and is limited to 60 s to
avoid excessive power consumption; 4) sends the data through
the SigFox network in a 12 bytes message that includes Hpmax,
T,, an internal temperature, the battery voltage, and the GPS
latitude and longitude; and 5) returns to sleep mode. Fig. 4
shows the structure of the hexadecimal coded message.
Latitude and Longitude bytes are 0 whenever the GPS position
cannot be fixed.

GPS Lat. GPS Long. BAT Temp Hmax&T:
r " 1 r " 1
©0273a8120015fef8ce194a00
Fig. 4. 12 bytes SigFox message. From left to right, GPS Latitude (4 bytes)

and Longitude (4 bytes), battery voltage (1 byte), internal temperature (1
byte), Hmax (1 byte), and 7. (1 byte).

The TD1205P module was encapsulated within an P64
case (83x35x57 mm) that also included two 3V batteries
(CR123A, GP Batteries) connected in parallel through two
Schottky diodes (PMEG1020EA), as shown in Fig. 5. The
batteries powered the TD1205P module providing an overall
capacity of around 3 Ah at a nominal voltage of 3 V.

Fig. 5. TD1205P module encapsulated with two CR123A 3V batteries
within an IP64 case (83x35x57 mm).

A power consumption test that included the five steps
following a wake-up was performed to estimate the lifespan
of the TD1205P module. The EFM32TG (Energy Micro)
Starter Kit was used for this purpose. This kit contains an
energy monitoring interface that allows the measurement of
current and voltage. Current range is from 0.1 pA to 50 mA
with accuracies of 1 pA and 100 pA for values lower and
higher than 200 pA, respectively. Resolution in the sub
200 pA range is 100 nA. Results are shown in Section IV.A.

The algorithm for the estimation of the wave parameters
was preliminary debugged using the OrcaFlex simulator
(Orcina). In [12] we describe how we modeled a drifting buoy
and the sea environmental parameters using this tool. Then,
the algorithm was validated on a real sea test by comparing
the TD1205P results (Hmax and 73) with that provided by a
seafloor AWAC (1 MHz — Nortek) used as a reference, which
presents an accuracy of 1 % on the wave height estimation. To
do so, the encapsulated system of Fig. 5 was attached to the
upper part of a moored buoy placed at 4 km off the coast of
the city of Vilanova i la Geltra [15]. This buoy is above a 20
meters depth underwater cabled observatory (OBSEA) to
which the AWAC is connected. The configuration and work
principle of this sensor is described in [2]. Mainly, it acquires
10 minutes of wave data each hour, calculates the wave

parameters and transmits the data through the OBSEA
network. Both, the encapsulated TD1205P module and the
AWAC, were deployed during the summer of 2020. Data Hinax
and T, were acquired during several weeks between the
months of July and October and later compared. Results are
shown in Section IV.B.

IV. EXPERIMENTAL RESULTS

A. Power consumption

Fig. 6 shows the supply voltage and current profile of the
TD1205P module acquired every 10 ms. Voltage is 3.3 V and
a logarithmic scale is used for current to account for the large
dynamic range. Stages 1 to 5 occur sequentially, with stage 5
also taking place between stages 2 and 3. TABLE I
summarizes the average value of the measured current for
each stage as well as the associated time durations and
electrical charges. As can be seen, the main two contributors
are stages 3 (GPS) and 4 (SigFox data transfer) whereas the
charge wasted in the rest of stages is negligible. For stage 3 an
average time of 30 s, after several tests in near-real conditions,
has been considered. With these conditions, the batteries will
last about 420 days, assuming their full capacity of 3 Ah.

A significant battery lifetime increase could be achieved
by decreasing the duration of stage 3, e.g. by shifting the
estimation of the GPS position from the device to a database.
This is a paid service offered by some companies [16] but it
cannot be implemented in the SigFox modules of TDnext,
such as the TD1205P. Another option would be to save the
current ephemeris during the sleep mode. As reported in [17],
stage 3 can be reduced down to about 4 seconds at the cost of
increasing the current consumption of stage 5 up to 16 pA.
However, ephemeris is valid for only 4 hours, hence it must
be updated regularly (average time duration of 30 s, TABLE
I). Overall, the battery lifetime would be just nearly doubled.
Nevertheless, more experimental tests about this issue should
be carried out.
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Fig. 6. Supply voltage and current profile of the TD1205P module.

TABLE I. Supply average currents and associated times and charges of the

TD1205P module.

Ref  Current (A) Time (s) Charge (C)

1 14u 300 42m

2 37m 0.5 1.85m

3 264 m 30 792 m

4 46.5m 55 256 m

5 3u 3264 10 m
15 0-29 m 3600 1.07

(average)
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B. Wave monitoring module and afterwards (mainly during September) due to

Fig. 7 and Fig. 8 show the time series values of Hyax and communication failures. In the overlapped intervals, the data
T, during the sea test. As can be seen, Hua and T, exceed 4 m of bot.h sensors mainly match, in particular that of Hax. More
and 10 s, respectively, in some specific episodes. On the other ~ quantitatively, the mean of Hinax and Ty are 0.87 m and 3.34 s,
hand, there are missing data from the AWAC at the beginning ~ respectively, for the TD1205P, and 0.82 m and 3.20 s for the
of the time series due to a later deployment than the TD1205P ~ AWAC, thus showing a good agreement.
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Fig. 7. Experimental values of Himax acquired each hour with the TD1205P module (grey) and with the AWAC (red) for 3 months, starting at July 20, 2020.
Note some missing data from AWAC measurements due to a communication failure.
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Fig. 8. Experimental values of 7 acquired each hour with the TD1205P module (grey) and with the AWAC (red) for 3 months, starting at July 20, 2020. Note
some missing data from AWAC measurements due to communication failures.
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Further statistical methods are next presented to better
assess the matching between the parameters of the TD1205P
and the AWAC. In particular, this analysis was performed
using the MATLAB cross-correlation function from the
Econometrics Toolbox [18]. Only the data of the overlapped
intervals in Fig. 7 and Fig. 8 were used.

Fig. 9-A shows the correlation analysis of Hmax With lags
up to £300 h, where the sample auto-correlation of the AWAC
time series is shown in red and the sample cross-correlation
between the AWAC and TD1205P time series in grey.
Comparing the auto-correlation of a reference signal (AWAC)
with the cross-correlation of this reference with another target
signal (TD1205P) for different lags is useful for gaining
insight in their similarity and where the best match occurs
[19]. As can be seen, both sample correlations present a high
overall resemblance, with a maximum cross-correlation value
at zero lag (~0.85), which also indicates the synchronization
of both time series [20]. Thus, the estimation procedure of
Hiax with the TD1205P is feasible.

Fig. 9-B shows the correlation analysis of 7,. Similarity
between the sample correlations is lower here. Still, both time
series are synchronized because the maximum cross-
correlation value is at zero lag, though below 0.4. At Fig. 9-C,
only 7, values corresponding to Hmax > 0.5 m measured with
the AWAC were considered. As can be seen, the cross-
correlation value at zero lag increases to ~0.5, stating that the
TD1205P estimates better 7, when sea is rough. Further
research is required to state the reason for this behavior.

V. CONCLUSIONS

A new embedded system has been designed and tested to
estimate the wave’s maximum height (Hmax) and mean period
(T,) and transmit them wirelessly using the LPWAN SigFox
network. The system, based on a TD1205P module, obtains
the sea surface displacement from the embedded
accelerometer and calculates Hax and T, through the zero-
upcrossing method.

The wave estimation method has been validated by
attaching the embedded system to a moored buoy placed
above an acoustic wave and current profiler, used as a
reference. Both systems have provided Hmax and 7, each hour
during a period of three months. The mean values of Hnax and
T,have been 0.87 m and 3.34 s, respectively, for the TD1205P,
and 0.82 m and 3.20 s for the AWAC, thus showing a good
agreement. A cross-correlation analysis has also been
performed, resulting in a high cross-correlation value at zero
lag of 0.85 for Hm.. However, a lower value (< 0.4) is
obtained for 7. Considering only 7, values corresponding to
Hmax > 0.5 m, the cross-correlation value has increased to ~0.5.
Further research is required on this issue.

The power consumption of the TD1205P has also been
measured, being the GPS location stage the most energy
demanding. Using a 3 Ah battery, a lifetime autonomy of 420
days is predicted. A couple of techniques to reduce the
consumption of the GPS location stage have been presented to
be further explored.
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Abstract— A Kinetic Energy Harvester (KEH) device
under design for drifter applications has been tested at real
sea conditions in a controlled area. The KEH consists on a
pendulum system capable to transform the oscillations of the
waves into rotation which will be converted into electrical
energy thanks to a dc micro generator. The KEH has been
placed inside a drifter. First, the motion of the drifter was
obtained through an embedded Inertial Measurement Unit,
showing natural pendulum frequency of 1.5 Hz. Simulations
with OrcaFlex validate the experimental results. Then, the
rotation speed of the micro generator was measured. Results
show a prevalence of speed of 1400 rpm, which should lead
to a potential power output of 2 mW.

Keywords— Lagrangian Drifter, Kinetic Energy Harvester
(KEH), Micro generator, Natural Frequency, Power Management
Unit (PMU), Maximum Power Point Tracking (MPPT).

I. INTRODUCTION

Oceans are a key indicator on earth’s health. Small changes
on the seawater can strongly affect the weather, but also on many
species’ behaviors. Oceanographic monitoring becomes crucial
in terms of understanding biological and meteorological
changes. Many different sensor platforms fulfill this monitoring
function. Seafloor cabled observatories, for example, can
provide a huge volume of data from a specific underwater
position with no power restrictions, while underwater gliders, as
another example, cover large portions of the ocean providing
smaller data products with some power constrains.

Lagrangian drifters are a low-cost easy-to-deploy solutions
for sea monitoring. These are versatile and easy to maintain units
that monitor the ocean while passively following the surface
currents. Nevertheless, drifters do not offer a high volume of
data compared to other platforms and power restrictions are
higher. Applications where these platforms are used are diverse;
climate research, oil spill tracking, weather forecasting and
search and rescue operation. Lately, drifters have found a useful
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field of work, helping to calibrate HF radar and satellite
measuring systems of sea surface parameters.

Autonomy is one of the main challenges at drifter design [1].
Depending on the carried instruments and the duty cycle of the
units, its lifespan may vary from hours up to two years when
powered from primary batteries. To expand its autonomy, some
manufacturers include PV panels around drifters’ body,
achieving unlimited lifespan at some low transmitting interval
and propitious solar conditions [2]-[5]. Nevertheless, if the
drifter is strictly dedicated to the current monitoring, the body
should be mostly submerged to avoid the wind effect [6] and,
thus, the irradiation at the panels is attenuated. Also, many
oceanic regions may provide really low solar irradiation at some
year periods. For this reason, other Energy Harvester (EH)
sources may be explored as the kinetic oscillatory movement of
the waves.

Previous works have shown different harvesting possibilities
from a kinetic ocean source [7]-[9]. Inertial based harvesters are
one of the main solutions for non-anchored oceanic devices
[10]-[13]. These systems relay on a proof mass whose relative
movement is caused by the waves and drive a generator. The
cleverness of these systems relay on achieving the resonant
frequency of the Kinetic Energy Harvesting (KEH) near to the
motion frequency of the drifter [14], to maximize the power
extraction.

Figure 1. MELOA coastal WAVY drifter design for sea monitoring.

Scientific community has started to pay attention to the
drifter development that includes alternative EH generation. The
MELOA project [15] is an example of that. This is a European
project that aims to develop a new family of WAVY drifters for
marine monitoring which are low-cost, easily deployable, high
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versatility, and low maintenance systems. The WAVY family of
products will include from coastal drifters for short deployments
(Figure 1), to oceanic drifters with EH solutions for long term
deployments.

This paper follows the work done at [16], where a first
design of a kinetic energy harvesting to be placed on the oceanic
MELOA drifter was presented. Also, a preliminary
characterization of the micro generator and the Power
Management Unit (PMU) was shown followed by the first
results of the prototype when placed on a water tank.

Work presented in this paper is focused on characterizing the
operation of an improved KEH when placed on a drifter under
real sea conditions in a controlled area. The drifter has been
designed with the same dimensions of the WAVY Ocean drifter
of MELOA’s project. In addition, the dynamic behavior of the
drifter has been assessed with an Inertial Measurement Unit
(IMU). Results have been validated with OrcaFlex simulation
Software. Finally, the KEH power possibilities have been
further analyzed.

The paper is organized as follows. First, the proposed KEH
is presented at section II. Then, the materials and method are
described in section III. At section IV, the results of the drifter
motion and KEH behavior under real sea conditions are shown.
Finally, conclusions are summarized at section V.

II. PROPOSED KINETIC ENERGY HARVESTER DEVICE

Harvesting the energy from the waves at non-anchored
autonomous devices is usually done by inertial systems, which
can be classified in gyroscopic and pendulum [17]. These
systems relay on a proof mass which moves in relation to the
main body thanks to the excitation of the waves. That relative
motion drives a micro generator which converts the energy from
mechanical to electrical. The difference between the gyroscopic
and the pendulum systems bases basically on the way they
capture the external motion. The first ones count on an inertial
flywheel which continuously rotates by the external effect. At
the second ones, a proof mass can be found outside the device at
the end of an arm which pendulates.

The harvested energy depends on the physical characteristics
of the devices, achieving higher power levels with higher sizes
and weights. Also, this energy is directly proportional to the
wave frequency and amplitude [18]. The resonant frequency of
the KEH should be tuned to the frequency of motion of'its carrier
platform to maximize the power extraction.

Recently, we have designed and manufactured a first
prototype of an inertial KEH for drifter applications [16]. This
is a mixture of the gyroscopic and pendulum systems. It consists
of three gyroscopic arms which capture the movement of all
directions and excite a proof mass. This mass relatively moves
respect the drifter with pendulum motion. Then, through a gear
system, rotation is accumulated in a flying wheel which drives
the dc micro generator. The gear system also increases the
rotation velocity with a positive ratio. Thanks to a one-way gear
system, the flying wheel only rotates at one angular direction at
which energy is accumulated.

In this work, the device presented in [16] has been slightly
modified. The three gyroscopic arms have been replaced by an

articulated pendulum arm with a prof mass. Now, the relative
motion is caused by the articulated arm that can freely rotate
excited by the drifter motion. This drives the flywheel through
the one-way gear system. Also, the Power Take Off (PTO)
element is the same micro generator. This modification
simplifies the device which can now be reduced and its power
density increased. A 3D model of the modified design is shown
at Figure 2 with the description of the different parts.

One way gear
system

Flywheel

Proof mass

Pendulum
arm
Micro generator

Figure 2. 3D model of the Kinetic Energy Harvesting (KEH) to be placed on
a spherical drifter with the description of the different parts.

Figure 3 shows the manufactured prototype. It has a proof
mass of 220 g and a total diameter of 10 cm. The main body has
been 3D printed with polyamide and the proof mass made with
lead. The total gear ratio is 35.

Rotation
measuring
system

Figure 3. Image of the manufactured KEH prototype.

The dc micro generator has previously been characterized at
different rotation speeds [16]. Figure 4 shows the results, where
the rotation speed in rpm is defined with no load connected to
the generator output (output voltage is Vo). As can be seen, for
the three curves, the Maximum Power Point (MPP) is found
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around half V.., which matches with the Thévenin model of the
generator [19]. Furthermore, V. is directly proportional to the
rotation speed and the maximum power is proportional to its
square. The optimal load corresponding to the MPP is found
around 18.5 Q (RLoap), which should match with the internal
generator load (Rg).
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Figure 4. Generator output power against output voltage for different rotation
velocities (determined at generator open circuit) [16].

III. MATERIALS AND METHOD

This work is divided in two objectives. On the one hand,
study the motion of the drifter body in real sea conditions as well
as determine its natural frequency. From this information, the
resonant frequency of the KEH could be tuned in future designs
to maximize the power extraction. On the other hand,
corroborate the correct operation of the KEH under the
excitation of wave motion by measuring the continuous rotation
of the micro generator. It is important to verify that the KEH
optimally converts the waves oscillation into usable rotation. In
previous works we tested the device in a water tank [16] that
emulates sea conditions, and the present work aims to
experimentally validate it in the sea.

* Nodemcu | Router
ADC
< >
4 Analog | ™ =

Signal Wireless
| KEH I
Boat

Figure 5. Experimental set up, with the different components placed on the
drifter and on the boat, with its communication links.

Comm.
Power

Drifter

Figure 5 shows the experimental set up, where the left box
represents the drifter and the right box the boat. For this figure,
brown has been used as power connections and green as
communication links.

A WAVY ocean drifter from MELOA project with the
parameters of TABLE I has been used with an Inertial
Measurement Unit (IMU) placed on its mass center. This unit
has provided the linear acceleration in the three axes (4x, Ay, A7)
as well as the angular velocities data (Gx, Gy, G,). Figure 13
presented later on this article shows the axes distribution.

TABLE 1. Spherical WAVY ocean drifter parameters

Parameter Symbol Value Units
Drifter mass my 3.472 kg
Drifter radius R 0.1 m
Center of mass* Cm 0.06 m

* Center of mass taken from the bottom of the spherical drifter body.

The KEH has been placed on the geometric center of the
drifter, above the IMU sensor. The micro generator has been
connected to a constant load of 18.5 Q, which is the optimum
load found on its characterization. That condition would provide
a resistive torque to the KEH.

As shown in Figure 3, an infrared emitter has been placed on
the main body of the KEH pointing to a diode photoreceptor.
Between them, one of the transmitting gears can be found with
a hole placed on its circular surface. This gear is solidary to the
micro generator so knowing the gear rotation the micro
generator speed could be determined. Figure 6 shows the
electrical scheme of the pair photo emitter-receiver. An Analog
to Digital Converter (ADC) has measured he photodiode open

voltage signal.
ADC

Figure 6. Electrical scheme of the pair photo emitter-receiver.
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NodeMCU development board has been selected for its low-
power consumption as the main control. It counts on a Wi-Fi
communication module and is based on the ESP8266
Microcontroller Unit (MCU) from Espressif Systems. Every 10
ms, the MCU takes one package of data from the IMU (MPU-
9250) consisting on six parameters (Ax, 4y, Az, Gx, Gy, G,). Also,
through the 10-bit ADC, takes one sample of the analog input
coming from the photoreceptor. Then, the microcontroller
calculates the pitch, roll and yaw orientation of the drifter [20],
packages all the data and sends it through Wi-Fi connection.
Data is received on the boat router where a PC is continuously
logging it and plotting in real time.

Finally, to validate the experimental results, a drifter has
been simulated in OrcaFlex with the same parameters of
TABLE 1. Since the experiment has taken place in a controlled
area, sea state could have been monitored during the experiment
in order to replicate the same wave parameters. An Acoustic
Doppler Current Profiler (ADCP) connected to an underwater
observatory has provided the real wave height and period [21].

Figure 7 shows the drifter before the deployment at the sea.

Figure 7. Oceanic drifter with the KEH, the measuring electronics and the
communication system on it.
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IV. RESULTS

The experimental test was done on April 12% 2019 at the
surroundings of OBSEA observatory {Lat.: 41.181954°, Long.:
1.752644°} in front of the coast of Vilanova i la Geltra. As it is
a monitored area, wave data could be obtained from the ADCP
and it is shown at TABLE II.

TABLE II. Wave parameter during the experiment given by the ADCP.

Parameter Mean value Max. Value Units
Wave height 0.49 0.73 m
Wave period 2.67 6.47 s
Wave direction 60 - °(N)

Results are shown in two sections. Section A presents and
analyzes the IMU data as well as the simulation results. At
section B the performance of the KEH is discussed.

A. Drifter motion

Accelerometer IMU data has been analyzed. Ay, Ay and 4,
linear acceleration obtained at the mass center are plotted at
Figure 8, where 1 g is the gravity acceleration.

Drifter linear acceleration

T T T T T T T

o o
N o N

o
N

Ax, Ay and Az acceleration (g)

Time (s)

Figure 8. Ax, Ay and A4, linear accelerations from IMU sensor. In this section,
red will be used for X axis, pink for Y axis and blue for Z axis.
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Figure 9. Power Spectrum of 4x, Ay and 4, linear accelerations from IMU
sensor.

At the horizontal plane composed by X-Y axes, which are
symmetrical, accelerations reach up to 0.2 g. The frequency

domain of the signals has also been studied. The Fast Fourier
Transform (FFT) has been applied to the whole signal (around
200 seconds) and it is shown at Figure 9. For horizontal axes,
the natural frequency is found at 1.5 Hz. This movement
represents the pendulum oscillation of the drifter due to the mass
center displacement from the geometrical center (TABLE I).
This frequency is not the waves frequency, which following
ADCP information can be found at 0.4 Hz, but the natural
frequency of the drifter when placed into a fluid.

Dynamics are different at the vertical axe, where
acceleration moves between + 0.2 g with an offset of 1 g due to
gravity alignment. Its main frequency can be found at around 1
Hz, which is the rthythm of vibration at vertical axe. Vertical
acceleration has also lower components as the one placed at 0.4
Hz originated by the wave oscillation.

Gyroscope IMU data has also been analyzed and G, Gy and
G, angular velocities plotted at Figure 10 in rad/s. The natural
frequency of this movement has been calculated from the FFT
and it is shown at Figure 11. Notice that this 1.5 Hz matches with
the natural frequency of the linear acceleration at the horizontal
plane that corresponds to the pendulum drifter motion.
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Figure 10. Gx, Gy and G. angular velocities from the IMU sensor.
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Figure 11. Power Spectrum of Gy, Gy and G, angular velocities from IMU
Sensor.

Yaw motion has some low frequency component than
generates its slow continuous rotation. This can be seen at G,
power spectrum plotted at Figure 11 where, apart from the 1.5
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Hz pendulum motion, it contains some low frequency
components. This can also be seen at Figure 10 where G, contain
positive offset that keeps yaw orientation rotating. This
movement is supposedly caused by a small constructive error
that causes a displacement of the center of mass of the vertical
axis and, therefore, generates a torque among Z axe.

Pitch, Roll and Yaw orientation have been calculated from
IMU data at NodeMCU and are plotted at Figure 12. Pitch and
Roll oscillate with an amplitude of +20° and Yaw from 180° to -
180° repetitively at low motion.
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Figure 12. Roll, Pitch and Yaw orientation positions of the drifter during the
experimental test calculated from IMU data.

To validate the obtained results, OrcaFlex simulation
software has been used. A drifter as the one described in TABLE
I has been modeled with a sphere composed by 24 stacked flat
cylinders of different diameter (Figure 13). Mass center has been
placed at 0.06 m of the sphere bottom. Sea state measured by
ADCP and shown at TABLE II has been parametrized with
JONSWAP model [22].

Figure 14 shows the power spectrum of linear acceleration
obtained from simulation. Natural frequency of the pendulum
motion at X-Y axis is found around 1.5 Hz. At vertical axe, the
1 Hz vibration can also be seen as well as the 0.4 Hz of sea
elevation.

Figure 13. Oceanic WAVY drifter modeled by 24 stacked flat cylinders
during the OrcaFlex simulation.

Figure 15 shows the power spectrum of the angular
velocities obtained from the simulation. As expected, natural
frequency of the drifter pendulum motion (1.5 Hz) can be found
at X-Y axis. G, power spectrum has no frequency component
because, unlike the experimental case, the center of mass is
placed on the vertical axis with no asymmetries.
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Figure 14. Power Spectrum of 4x, Ay and 4. linear acceleration from OrcaFlex
Simulation tool. In this section, purple will be used for X axis, blue for Y axis
and orange for Z axis
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Figure 15. Power Spectrum of Gy, Gy and G, angular velocities from OrcaFlex
Simulation tool.

Later, different sea conditions have been simulated with the
same drifter presented at TABLE I. Results show that the
pendulum natural frequency of the drifter does not depend on
the sea conditions but on its constructive parameters. As
exposed at [23], the natural frequency of a body placed on a fluid
depends on the fluid itself properties (density) and the spherical
body design. Nevertheless, the magnitude of the accelerations
and the potentially extractable power extraction do depend on
the sea parameters such as wave frequency and height.

B. KEH rotation

Data obtained at the ADC coming from the photodiode has
provided information about the KEH rotation. Figure 16 shows
the digital signal of the ESP8266 ADC read after erasing the
signal offset. Each pulse represents a complete rotation of the
measured gear, which is supportive to the flywheel, being the
high signal level the instant in which the emitter-receiver pair is
aligned with the hole. The signal value grows with the infrared
light intensity. At Figure 17, the ADC signal frequency domain
has been plotted after applying the FFT and the main rotation
frequency of the studied gear can be found between 1 and 2 Hz.

From the information provided by previous plots, the nearly
continuous rotation of the device can be verified. The flywheel
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does not have a pulsating motion so it rotates continuously
between 1 and 2 Hz.
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Figure 16. Analog read from the ESP8266 ADC showing the rotation
behavior of the KEH.
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Given a transmission ratio of 15 between the studied gear
and the micro generator, the micro generator rotation would be
approximately 1400 rpm. Furthermore, according to the
characterization done at previous works [16] (Figure 4), and
assuming the PMU would achieve the MPPT, it can be
concluded that about 2 mW could be generated. Finally, if the
ADP5092 PMU also characterized in [16] is used, an efficiency
of 80% would be obtained with this power input. That would
mean 1.6 mW of useful power can be generated.

V. CONCLUSIONS

A designed KEH to be placed on a drifter has been tested at
real sea conditions in a controlled area. The KEH consists on a
pendulum system capable to transform the oscillations of the
waves into rotation which would be converted into electrical
energy thanks to a micro generator. A real drifter with the KEH
has been deployed while an IMU sensor has provided
information about its motion. The natural frequency of the
pendulum motion of the drifter once deployed at the sea has been
found at 1.5 Hz.

The same drifter has been modeled in OrcaFlex with the
same experimental sea conditions read with an ADCP. Results
show the natural frequency, similar to the one obtained at the
experimental phase. Differences may be originated by the
modeling of the spherical drifter. From the simulation of
different sea states, it has been concluded that natural drifter
pendulum motion does not depend on the wave parameters but
on the drifter design.

The correct rotation of the KEH has also been monitored
during the experiment thanks to a couple of infrared emitter-
receiver. The rotation at the micro generator has been about
1400 rpm at nearly continuous operation. Also, its useful power
output has been estimated at around 1.6 mW with the usage of
the ADP5092 PMU.

For future woks, the frequency of resonance of the future
KEH should be tuned at 1.5 Hz to maximize the power
extraction. This is the natural frequency of the MELOA oceanic
WAVY drifter. Also, to better understand the power generation,
an in-situ power measurement system should be placed at the
micro generator to know in real time the generated energy.
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Abstract—A novel electronic energy harvester (EH) has
been developed for oceanic undrogued drifter applications.
First, spherical body motion simulation has been performed at
sea environment in Orcaflex. Results help to understand the
acceleration and forces applied on the drifter where the device
will be placed. Second, the design of the EH is presented,
consisting on a gyroscope pendulum system capable to
transform the oscillations into rotation on a flying wheel. This
rotation is converted into a DC current by a micro generator
and further processed by a power management unit (PMU).
Both, the generator and the PMU are characterized.
Preliminary results in a water tank show that an average
power of 0.22 mW can be produced. Finally, the feasibility of
the proposed harvester is assessed as a backup power of a
drifter using SigFox for coastal communications at low
tracking rates.

Keywords— Lagrangian Drifter, Energy Harvester (EH),
Autonomous Sensor, Power Management Unit (PMU),
Maximum Power Point Tracking (MPPT), low-power wide-area
network (LPWAN), SigFox

1. INTRODUCTION

Science community needs related to oceanographic data
are growing fast. Seas should be monitored in order to
preserve their biodiversity and predict their evolution. This
means that huge amounts of data from a very wide range of
sensors should be generated and delivered as fast as possible.
Research vessels collecting data from the ocean during long
periods are becoming unusual due to their high-cost [1]. As a
consequence, cabled observatories, gliders, pop-up drifters
and long-term moorings are taking their place and are
delivering enormous amounts of real or near-real time data to
this community. One of these sea data providers are
Lagrangian Drifters. These are autonomous floating passive
devices that provide oceanographic surface data such as
oceanic current flow, temperature, or salinity. They are used
in climate research, oil spill tracking, or search and rescue
operations. The National Oceanic and Atmospheric
Administration counts on a drifter array of more than 1300
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units deployed around the world and their data can be online
accessed for scientific community in [2].

Many commercial drifters can be found in the market,
from drogued to undrogued, depending on the ocean depths
to be monitored. Basic drifters offer ocean current tracking
and near surface temperature but they are evolving and now
some of them can be found with Acoustic Doppler Current
Profilers, salinity sensors, or weather stations. On the other
hand, wireless communication is performed via GSM near-
shore or via satellite (mostly Iridium-based) off-shore. Most
of them also offer the possibility of bidirectional
communication to modify parameters of the buoy [3]-[9].

Lumpkin et al. [10] describe the challenges related to the
evolution and applications of drifters: measurement of
currents, near-surface temperature and salinity or ocean
dispersion, among others. Autonomy is one of the key points
at drifters. Depending on the carried instruments and the duty
cycle of the units, its lifespan may vary from hours up to two
years when powered from primary batteries. If unlimited
lifespan is pretended, some companies present drifters with
PV solar panels that at some sampling interval may work at
“perpetual” lifespan. The installed PV power is around units
of watts [11]-[14].

Drifters strictly dedicated to monitor superficial ocean
current should not be exposed to wind. Consequently, they
must be mostly submerged with the exception of the
communication antenna, which has to be out of the water.
Even so, as demonstrated in [15], the downwind “slippage”
at undrogued drifters is around 1% of the wind speed. This
problem can be magnified when using PV panels that are out
of water to ensure direct irradiation, as in [13]. On the other
hand, when PV panels are inside the drifter sunlight is
greatly attenuated by the water, as in [11].

In this work, as an alternative, a kinetic energy harvester
(EH) system is presented, which uses the motion of the
waves and the current flow to generate power. The EH is
inside the drifter and thus does not increases the wind
slippage of the unit. However, the generated power is
relatively low and cannot provide the main power supply yet.
The aim at this stage is to serve as an unlimited backup
powering system, when the primary batteries are exhausted,
allowing the drifter to send messages about its location in
order to recover it.
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The paper is organized as follows. First, the simulation of

a drifter motion in a fluid is presented at section II. Then, the
proposed kinetic EH device is shown in section III. At
section IV, the micro generator and the power management
unit (PMU) are characterized while preliminary results show
up at section V. Finally, the feasibility of the present system
for drifter applications is discussed at section VI and section
VII concludes the work.

II. MOTION SIMULATION

A.  Model

A spherical object of radius R (the drifter) mostly
submerged into the water will be exposed to water-structure
interaction. Fig. 1 shows a representation, where z is the
vertical axis (positive upwards) and w is the position of the
water line of the waves with respect to the still case.
Therefore, understanding the dynamic motion response of a
drifter due to external wave loading is essential in order to
properly design kinetic EH devices.

. _waterline

-

Fluid (p) 7

w(x,t)

— still water line (SWL)

Fig. 1. Model of a mostly submerged drifter subjected to wave loading.

A study is performed in [16] and is concluded that a
particle placed in a fluid with sufficiently deep water will
follow the water line in a circular motion, as can be seen at
Fig. 2. That motion will depend on the body characteristics,
such as buoyancy and center of mass, and sea wave
parameters such as the height and period.

Fig. 2. Particle surface movement under wave interaction [16].

B.  Numerical simulations

OrcaFlex 9.3c, a marine dynamics software implemented
by Orcina based on Morison’s equations [17], was used to
study the dynamics of the spherical body into the water
Simulations were performed with a spherical body such as
that of Fig. 1 with the parameter values of TABLE I, coming
from a planned undrogued drifter. Sea wave parameters were
set between 1 to 6 meters for height and 4 to 12 seconds for
period, which according to [18] are the most probable ocean
conditions for North Atlantic Ocean. The ocean waves have
been simulated in OrcaFlex using the JONSWAP spectrum,
which is suitable for simulating deep-water waves.

TABLE I. Spherical drifter parameters on OrcaFlex simulation

Parameter Symbol Value Units

3472 kg

Drifter mass ny

Parameter Symbol Value Units
Drifter radius R 0.1 m
Fluid density p 1027 kg/m?
Center of mass® Cm 0.08 m
® Center of mass taken from the bottom of the spherical drifter body.
C. Results

Results of the simulation are summarized in Fig. 3,
where drifter vertical (z direction) and pitch accelerations are
plotted. Values represent the average of the absolute
instantaneous acceleration during a 100 seconds simulation.
The unusual wave conditions have not been simulated. So,
waves of high heights and low periods and of low heights
and high periods have not been considered. Vertical body
acceleration is between 0.1 to 2 m/s? and pitch acceleration is
between 0.1 to 15 rad/s>. Maximum accelerations, which
should lead to a higher mechanical power of the EH
presented in section III, occur at higher heights and lower
periods (higher frequencies). In [16], the mechanical power
at the axis of a gyroscope is modelled and found to also
increase with the wave height and frequency.
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Fig. 3. Drifter vertical (above) and pitch (below) accelerations at different
wave heights and periods.

III. PROPOSED KINETIC ENERGY HARVESTER DEVICE

Many works propose EH devices that use kinetic energy
from an anarchic source at relative low frequencies and high
amplitudes (like sea motion). For example, for biomedical
applications, walking body motion is used to generate power
using an electromagnetic transducer. In [19], a sprung
eccentric rotor is used in order to induce an electrical current.
Higher energy levels are achieved using a pendulum and a dc
micro generator at [20] and converting the bidirectional
rotating movement into unidirectional through a gear system.
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At sea environment, recent works show that the most
usual approach to generate electrical energy is turning
oscillations into rotations and using a generator as a
transducer. Work done at [21] shows an ac generator based
harvester placed on an underwater glider. It reaches 150 mW
of mean output power with a volume around 0.1 m® and
waves of 100 cm height and 1.3 s period. At [22], they use a
dc generator that reaches 64 mW of maximum output power
with a 500 cm® volume device and waves of 20 cm height
and 1 s period. In [23], a design similar to our design
(presented below) is reported, as it uses a gyroscope with a
flying wheel, reaching a mean output power level of watts
with a 0.5 m® volume (much larger than ours). However, it is
an anchored buoy.

A general schematic of the designed kinetic EH device is
shown in Fig. 4. The design is comprised of a gymbal
system, a gearing transmission to transform the oscillations
to rotation, a proof mass, a flywheel, and a micro
electromagnetic generator. As a result of the interaction with
the waves, the drifter, which contains the EH (Fig. 5), rotates
with a pitching, roll and yaw motion. Then, the proof mass,
which tries to maintain the vertical position by the gravity
effect, rotates in relation with the drifter thanks to the gymbal
arms. That generates a torque along the axis that through the
gear system gets to the flywheel. There, the rotational
movement is accumulated and then transmitted to the micro
generator responsible for converting the torque into electrical
power. Thanks to the one-way gear system, the generator
only turns in one direction.

One way gear

Gymbal system

arms

Micro
generator
Flywheel

Proof mass

Fig. 4. Architecture of the proposed EH.

A first prototype of the EH has been manufactured with a
mass of 360 g and a diameter of 12 cm. A picture of this
prototype is shown at Fig. 6. Gimbal arms are made of
methacrylate and the green supports are manufactured in a
3D printer with ABS plastic. The gear ratio is of 35 and the
micro generator is a miniature DC motor with a nominal
voltage of 3 V used in a reverse mode, i.e. using the
electrical input as the output. An sketch is shown at Fig. 5 of
the EH placed inside an undrogued drifter with the
corresponding battery pack, the electronics and the antenna.

IV. POWER GENERATION AND TRANSFER

A. Generator and PMU description

In  self-powered autonomous  systems, energy
management is crucial in order to maximize the lifespan of

the device and to guarantee the most efficient way to handle
the generated energy. Here, energy provided by the micro
generator of the EH has to be managed. To achieve this, a
PMU with a maximum power point tracker (MPPT) is
required. Toh et al. designed in [24] a system to follow the
maximum power point (MPP) of a micro generator by
controlling the duty cycle of a boost converter who gives the
power to a dc-link and a flyback converter to adequate the
voltage level at the load. From then, many conversion
systems have been developed depending on the energy
source and [25] presents a summary. These ultralow PMU
follow the MPP of the energy transducer and transfer the
energy to a storage device, which tend to be a Li-ion battery,
a super capacitor, or a hybrid storage system [26].

Fig. 5. Sketch of the kinetic EH placed inside an undrogued drifter, with
battery pack, antenna and electronics.

Fig. 6. Picture of the prototype of the designed kinetic EH.

Recently, many commercial PMU are showing up. In this
work, the evaluation board of the ADP5092 (Analog
Devices) has been used. This PMU is based on a boost
regulator working on PFM mode [27], which fixes the input
voltage (VN) as a fraction of the open circuit voltage (V) of
the EH in order to work at the MPP . It is able to control the
charge with a very low internal consumption and work with
Vin as low as 80 mV. On the other hand, it provides a main
output (SYS terminal), a battery charging terminal (BAT)
with a programmable overcharge voltage from 2.2 to 5.2 V,
and a regulated output settable from 1.5 to 3.6 V. The micro
generator can be modelled as a Thévenin equivalent,
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consisting of a voltage source (V) in series with a resistor
Rg. Maximum power will be harvested when loaded with a
load (Rroap) equal to Rg. At this condition, Viy will be half
Voe. Fig. 7 shows the connection of the micro generator,
modelled as an equivalent Thévenin, to the ADP5092 PMU
evaluation board.

Microgenerator — [* “yp1—  — T “1p2 1
v
| /VR\G/\i i V:DMU S¥s { 3V |
+
| T e | | ADP5092 i SMU |
| I I GND GND |

Fig. 7. Schematic of the generator and PMU.

B. Preliminary characterization of the generator and PMU

First, the micro generator was characterized. The shaft of
the generator was rotated with the shaft of another DC motor
at different rotation speeds, which aims to emulate those
obtained from the designed device of Fig. 4, and the
generator output was connected to a source measurement
unit (SMU, Agilent B2901), in order to emulate different
electrical loads. For each rotation speed, a voltage sweep was
performed with the SMU while measuring the output power.
Fig. 8 shows the experimental results, where the rotation
speed in rpm is defined with no load connected to the
generator output (output voltage is V,c). As can be seen, for
the three curves, the MPP happens around half V5., which is
coherent with the Thévenin model of the generator [28]. In
addition, V. is directly proportional to the rotation speed
whereas the maximum power is proportional to its square.
From the corresponding voltage-current characteristic (not
shown), a load of around 18.5 Q (Rroap) is inferred, which
should match with the internal generator load (Rg). For the
micro generator characterization, the uncertainty was
determined at the MPP of the green curve (1530 rpm at OC).
At this point, the standard deviation was 400 uW given by
the uncertainty of the generator output calculated from 12
measurements.
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Fig. 8. Generator output power against output voltage for different shaft
velocities (determined at generator open circuit).

Then, another test was performed to characterize the
PMU efficiency, using the setup of Fig. 7 with the generator
rotated as before. The ADP5092 was configured with Vix at
half V.., the regulated output disabled, and the BAT terminal
floating (a capacitor of 100 pF is present in the evaluation
board). Its SYS output was set at 3 V with the SMU. Two
test point were defined for measuring the input and output
power (TP1 and TP2, respectively). Input power was
inferred using a multimeter for measuring the average
current and an oscilloscope for measuring the average
voltage (fixed by the PMU at half V). Output power was

directly measured by the SMU. Fig. 9 shows the
measured powers and the PMU efficiency in function of the
rotation speed of the micro generator. As can be seen, all
increase as the shaft speed grows. At low rotation speed, the
efficiency of the ADP5092 is low because the corresponding
input MPP voltage approaches the lower limit of 80 mV but
steeply increases with the rotation speed reaching almost
90%.

PMU input

PMU Power [mW]
s S = N W B W o o~

PMU output

Efficiency [%]
£ 83
J

500 900 1300 1700 2100 2500
Rotation speed [rpm]

Fig. 9. PMU output power (above) and efficiency (below) in function of the
rotation shaft speed.

V. PRELIMINARY RESULTS

The EH prototype described at section III was tested in
an anchored buoy placed in a water tank simulating waves of
10 cm height with periods in the 3 s to 6 s range. Fig. 10
shows the output power of the EH loading the output of the
generator with a 50 Q resistor (that of the oscilloscope used
to measure its output voltage). The PMU was not used here.
As can be seen, the output power presents a high variability,
since the rotation speed is not constant, with an average
value of 0.22 mW. Maximum power is within the MPP range
found at Fig. 8.
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Fig. 10. Instantaneous output power of the EH device tested on the water
tank with 50 Ohms load.

Then, the EH placed at the water tank was connected to
the ADP5092 module to test its functionality in almost real
conditions. The connection was similar to that of Fig. 7 but
without the SMU. Instead, an oscilloscope was connected to
TP1 (CH1) and TP2 (CH2), and a 470 mF super capacitor
was placed at BAT terminal, at 3.6 V. Fig. 11 shows Vv
(pink — TP1) and the SY'S output of the PMU (yellow). Three
different regions can be appreciated, from left to right:

e First region: SYS voltage is dropping from 3.6
because the Vi is below the minimum working value
(80 mV, marked with a dashed white line).

e Second region: SYS signal is 0 V. EH is now
generating power and the PMU enters in the cold
startup operation.

e  Third region: The EH continues generating power so
SYS output terminal raise again to 3.6 V.
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Fig. 11. Oscilloscope screenshot of system operation at water tank test.

VI. FEASIBILITY FOR DRIFTER COASTAL APPLICATION

As said in section I, coastal (near-shore) drifters tend to
be GSM communication-based. However, low-power wide-
area network (LPWAN) offer an attractive solution as a
tracking coastal communication since they allow to send
small packages at long distances with low power
consumption, which is suitable for self-powered drifters as
the proposed here. In particular, SigFox is a payable
LPWAN technology that includes the Base Stations and the
Backend Services and works at 868 MHz (ISM band). It
offers to send up to 140 messages/day per device with a
payload of 12 bytes each one. Although it is a short package
it is enough to send the position and some data as the
temperature. The TD1205P model is a low power SigFox
module that also includes the Global Navigation Satellite
System (GNSS), and temperature and accelerometer sensors
for tracking applications in a 30x38x10.5 mm size.

In previous works [29], the TDI205P power
consumption was evaluated at transmitting and sleeping
mode in a coastal area. Considering a transmitting cycle
every 2 hours, the required energy per day is 18 J. With the
power generated at the water tank test (average of 0.22 mW),
19 J can be generated per day, so the TD1205P could be fed
from this EH. Moreover, with a 470 mF super capacitor at
3.6 V as the one used previously, the peaks of energy at the
transmitting phase (1.3 J) would lead to a minimum voltage
of 2.73 V, which is assumable. However, for these
calculations the PMU is not considered, so further work is
needed.

VII. CONCLUSIONS

A novel EH device has been designed and developed. It
counts on a gearing system that transform the pendulum
oscillations into rotation in a flywheel transmitted to a micro
electromagnetic generator. Furthermore, the micro generator
and the ensuing ADP5092 PMU have been characterized,
showing an increasing electrical power and efficiency with
the rotation speed. In addition, the EH system has been tested
on a water tank generating an average power of 0.22 mW.
Finally, a LPWAN technology based on SigFox is assessed
as a tracking system for drifter coastal applications which
can achieve 12 transmissions per day. The generated output
power of 0.22 mW is estimated to be enough to power the
SigFox module; however, the efficiency of the PMU has not
already been taken into account.
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