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Abstract: Wave Energy Converters (WECs) are an ideal solution for expanding the autonomy of 
surface sensor platforms such as oceanic drifters. To extract the maximum amount of energy from 
these fast-varying sources, a fast maximum power point tracking (MPPT) technique is required. 
Previous studies have examined power management units (PMU) with fast MPPT circuits, but none 
of them have demonstrated their feasibility in a real-world scenario. In this study, the performance 
of a fast-tracking fractional open circuit voltage (FOCV)-MPPT circuit (sampling period TMPPT of 48 
ms) is compared with a commercial slow-tracking PMU (TMPPT of 16 s) in a monitored sea area while 
using a small-scale, pendulum-type WEC. A specific low-power relaxation oscillator circuit is de-
signed to control the fast MPPT circuit. The results demonstrate that by speeding up the sampling 
frequency of the MPPT circuit, the harvested energy can be increased by a factor of three. 

Keywords: energy harvesting; fractional open circuit voltage; maximum power point tracking;  
oceanic drifter; power management unit; wave energy converter 
 

1. Introduction 
Global awareness has forced policy-makers to address the protection of marine areas 

in order to mitigate the effects of human activities, such as abusive fishing, excessive in-
dustrial production and poorly-optimized global transportation. In order to quantify the 
effectiveness of these policies, there is an urgent need to improve our understanding of 
marine ecosystems. Technology, and, more specifically, sensor platforms, must play a cen-
tral role in developing monitoring systems to better understand and predict ocean 
changes. 

Oceanic drifters are autonomous, floating sensor platforms, used in marine climate 
research to monitor surface ocean currents, as well as other sea-surface parameters such 
as temperature and salinity. They are low-cost, versatile and easy-to-deploy instruments, 
so many of them can be deployed to cover large oceanic regions. Energy autonomy is a 
challenging factor in the design of drifters. The ability to operate autonomously over ex-
tended periods of time is crucial in order to reduce the costs associated with exchanging 
batteries in the middle of the ocean. For this reason, some manufacturers include photo-
voltaic (PV) panels around the drifter’s shell, achieving unlimited autonomy; however, 
this is not an ideal solution. Drifters strictly dedicated to monitoring superficial ocean cur-
rents should not be exposed to wind because it may compromise current tracking [1]. Conse-
quently, they must be mostly submerged, which interferes with the availability of solar energy. 
For this reason, other energy sources are being explored, such as harvesting the kinetic energy 
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of the ocean surface with energy harvesting (EH) transducers, specifically by using mechani-
cal-to-electrical devices such as wave energy converters (WECs). 

Pendulum-type WECs have proven to be a suitable solution to harvest energy from the 
ocean surface [2]. The design of such systems for drifters is challenging because the articulated 
moving mass could affect the motion of the drifter itself, and thus interfere with its data col-
lection. However, as noted in [3], as long as the articulated mass does not exceed a certain 
percentage of the total weight, the mechanical-to-electrical conversion of the drifter’s energy 
can be satisfactorily achieved. Several studies on pendulum-type WECs harvesting energy 
from small-size free-floating buoys (e.g., drifters) with both electromagnetic and piezoelectric 
devices have been published since 2019. An electromagnetic converter was reported in [4] 
which captured the energy from the relative motion of a drogue (50 cm diameter) and the 
drifter, generating tens of milliwatts of average power. The results were based on simulations 
of random waves, with a peak frequency of 1 rad/s and a significant height of 2 m. An electro-
magnetic-based swing body (10 × 10 × 6.3 cm3) was presented in [5] with experimental results 
reporting peaks of 0.13 W in the ocean under wave heights which peaked at 0.8 m. Feng et. al. 
presented in [6], a hybrid nanogenerator integrating triboelectric, piezoelectric, electromag-
netic, photovoltaic and thermotropic units to harvest ocean ambient energy and feed a 14 cm 
diameter buoy. A peak power of 13.8 mW was achieved with the electromagnetic unit using a 
linear motor excited at 2.4 Hz. Back in 2021, we reported in [7] an electromagnetic, small-size, 
pendulum-type WEC that harvested energy from a drifter and achieved approximately 0.2 
mW of average useful power. Finally, a chaotic pendulum with a hybrid system, including a 
triboelectric and an electromagnetic module, was presented in [8], that extracted the kinetic 
energy of a small-size moored buoy, reaching an average output power of 15 µW and 1.23 mW, 
respectively, for each technology. A linear motor with an excitation frequency of 2.5 Hz was 
used. Although all the average harvested power levels were low (<100 mW), they may be 
enough to feed low-power instrumentation that spends most of its life sleeping but powers up 
several times per day to acquire and transmit the desired ocean parameters. A common char-
acteristic in [4–8] is that the WEC device’s output oscillates not at the wave frequency, but at 
the motion frequency of the drifter (fEH). According to [9], for a small-size drifter (20 cm diam-
eter and 3.6 kg), fEH is around 1.6 Hz and 1 Hz in the horizontal and vertical axes, respectively, 
under the influence of waves, with an average frequency of 0.37 Hz (both values can be ob-
tained with equations 7 and 8 from [10]). A power management unit (PMU) is then required at 
the WEC’s output to convert its variable signal into a constant and clean supply to feed the 
drifter’s electronics (load). PMUs must also manage any power mismatch between the WEC 
and the load by including an energy storage element (ESE) where energy can be stored or dis-
patched as required. Finally, PMUs usually include a maximum power point tracker (MPPT) 
to continuously ensure the maximum available energy is harvested from the WEC. 

One simple MPPT technique, widely used for low-power EH transducers, is the fractional 
open circuit voltage (FOCV) method [11]. This method exploits the linear relationship between 
the maximum power point (MPP) voltage (VMPP) and the open circuit voltage (VOC) of the 
EH transducer. MPP is achieved by fixing the output voltage of the EH transducer to the 
VMPP, which is a percentage of its VOC (50% for electromagnetic or piezoelectric harvesters). 
Typically, VOC is sampled (at a sampling period TMPPT) by momentarily disconnecting the 
EH transducer from the PMU during a sampling time (tSAMP). The sampling period should 
be significantly shorter than the motion period TEH (= 1/fEH), i.e., TMPPT << TEH or fMPPT >> fEH, 
while at the same time being much longer than the sampling period, i.e., tSAMP << TMPPT. 

Popular commercial PMU ICs, such as the BQ25504/5 (Texas Instruments, Dallas, USA) 
or the ADP5091/2 (Analog Devices, Willmington, USA), use the MPPT-FOCV technique 
but fail to provide sufficiently high sampling rates for WECs. Some academic works have 
achieved fast sampling rates and low sampling times: tSAMP = 5 ms/TMPPT = 100 ms [12], 33 
µs/3.33 ms [13], 15 ms/1 s [14] and 10 ms/150 ms [15]. However, none of them theoretically 
analyzes the effect of the sampling parameters (TMPPT, tSAMP) on the harvested power. Refs. 
[16,17] address this issue for FOCV-MPPT techniques. In contrast, in [16], Balato et al. opti-
mized the parameters of the FOCV method to maximize the power extracted from reso-
nant piezoelectric vibration harvesters after an AC/DC bridge rectification step. However, 
the parameter tSAMP was kept constant to 0.3 s in the analysis and only variations in TMPPT 
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were considered. Furthermore, in [17] we reported that when fEH = 15·fMPPT, 99% of the max-
imum energy is harvested. Theoretical predictions were confirmed using a self-designed 
FOCV-MPPT circuit and a WEC excited in a linear shaker. 

In this paper, the performance of the fast-sampling FOCV-MPPT circuit (specifically 
config. C presented in [17]) is validated for real-world application by experimental testing 
in the sea. This is something that, to the best of our knowledge, has not been assessed 
before. The small-size drifter with a whole power measurement system and the small-size, 
double-pendulum WEC previously presented in [7] are used for this purpose. Further-
more, a low-power control circuit was designed, simulated and tested to implement the 
sampling signal of the MPPT technique. This paper is organized as follows: Section 2 pre-
sents the whole EH system including the WEC device, the PMU with the FOVC-MPPT 
circuit and the ESE. Section 3 describes the experimental testing methodology and Section 
4 presents the results. Section 5 concludes the work. 

2. Description of the EH System 
Figure 1 shows a block diagram of an autonomous sensor platform that uses an EH 

system to feed its load. For a drifter, the load mainly includes sensors and their electronic 
interfaces, a microcontroller, and wireless modules for GPS and satellite data transfer. The 
EH system consists of an EH transducer (WEC), a PMU and an ESE (a rechargeable battery 
in Figure 1). The PMU provides a regulated voltage output to the load, performs the MPPT 
and interacts with the ESE. In this section, the EH system components used are described. 

EH System Autonomous 
Sensor Platform

EH Transducer

WEC

Load

Drifter’s electronics 

ESE
BAT

PMU

MPPT Storage 
interaction Voltage Supply

 
Figure 1. Autonomous Sensor Platform configuration; the load represents the drifter’s electronics, 
while the EH system includes the EH transducer (WEC), the PMU and the ESE. 

2.1. Wave Energy Converter (WEC) 
2.1.1. Mechanical Device 

The WEC is shown in Figure 2 (left). It consists of a double pendulum containing an 
arm with a proof mass guaranteeing the alignment of the main body with the wave’s di-
rection. The arm is articulated to a ring (main body) which, in turn, is articulated to the 
drifter, so its participation is relative to the ring’s oscillation. A gear train is coupled to the 
ring. Through that train, energy is accumulated in a flywheel that drives a DC electrical 
generator. The gear system amplifies the angular velocity with a positive ratio of 35 and, 
thanks to a one-way bearing, the unidirectional rotation of the electrical generator is en-
sured. The WEC’s total mass and diameter are 0.12 kg and 12 cm, respectively; the rest of 
constructive parameters are fully described in [7]. 

2.1.2. Electrical Generator and Model 
The WEC’s electrical generator is a brushless DC motor, which can be modelled as a 

Thévenin equivalent circuit, as presented in Figure 2 (right). VGEN is the generator’s output 
voltage, RG is the internal equivalent resistance and VOC is the generated electromotive 
force given by 

𝑉𝑉OC  =  𝐾𝐾𝐺𝐺𝜑𝜑𝜑𝜑, (1) 
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where KG is the motor constructive constant, φ is the magnet field generated by the per-
manent magnet, and ω is the generator rotor speed. Maximum power at the output is 
achieved when VGEN = 0.5VOC (= VMPP), as stated by the maximum power transfer theorem 
[18]. Since KG and φ are constants, VOC is proportional to ω. Within one single pendulum 
cycle, when the pendulum applies torque through the one-way gear, the flywheel accel-
erates, increasing ω, and thus VOC, whereas when the pendulum moves in the other direc-
tion, the one-way gear rotates freely, so that the flywheel slows down, thus reducing ω 
and VOC. Therefore, VOC will have both DC and AC components, even for a constant exci-
tation source. The AC component will be periodic, with the same frequency as the me-
chanical movement of the pendulum, and thus of the drifter. According to the WEC’s 
characterizations made in [7], the internal series resistor RG is 127 Ω. 

Gear System

Proof mass

Main Body

Pendulum arm

Flywheel

Electrical 
generator

Elec. Gen. model

RG

VOC VGEN

 
Figure 2. WEC transducer with the description of its main components (left, [7]) and its electrical 
model (right). 

2.2. Power Management Unit 
2.2.1. MPPT-FOCV Circuit 

The FOCV is an MPPT method widely used in low-power EH transducers and im-
plemented in several commercial PMU Ics. This method exploits the linear relationship 
between VMPP and VOC of the EH transducer. For the WEC, VMPP = 0.5VOC, as shown in 
Section 2.1.2. Typically, VOC is periodically measured with a sample and hold (S&H) circuit 
by momentarily disconnecting the EH transducer from the PMU. Figure 3 shows the prin-
ciple of operation of a FOCV circuit tracking the MPP of a sinusoidal VOC (black line) with 
a period of the. VMPP is shown in gray. Every sampling period (TMPPT), the sampling circuit 
opens the EH transducer’s output during tSAMP so that VGEN (blue dashed line) raises to 
VOC. At the end of tSAMP, VGEN is fixed to the new MPP value (e.g., VMPP1) derived from the 
last captured value of VOC (e.g., VOC1) during tHARV, which is the harvesting time and corre-
sponds to the rest of the sampling period.  

VGEN

Time

Vo
lta

ge

VOC

TEH VMPP 

VOC1 

VMPP1 

TMPPT 1 2

tHARV1 tSAMP2  
Figure 3. Sinusoidal VOC waveform with positive offset for a harvester (black line), the correspond-
ing ideal VMPP (½VOC: gray line) and the EH output (VGEN: blue line) for a TMPPT sampling period using 
the FOCV-MPPT method. 
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The FOCV-MPPT method is commonly implemented with a resistor-based S&H cir-
cuit, where a resistor divider is used to generate the desired fraction of VOC and then store 
it in a sampling capacitor CSAMP [12]. In this study, this configuration is implemented with 
the ADP5092 PMU IC (config. R), which presents a low sampling rate, and is compared 
with a novel configuration with a high sampling rate, presented in [17] as config. C (Figure 
4). Config. C also uses the ADP5092 IC in order to take advantage of its robustness and 
power efficiency, but adds low-power sampling circuitry to drastically increase the sam-
pling rate to implement a slight variation over the classical FOCV method. The WEC (or-
ange box) is represented with the Thévenin model of Figure 2 (right). The working prin-
ciple is that during tSAMP, S12 connects VGEN to an impedance reference RZ (= RG = 127 Ω), so 
that VDIV (junction of RZ with the WEC) samples VMPP in CSAMP, which is VOC/2. Thus, the 
WEC must have already been configured to know RG, and this value should not change 
significantly over time. During tHARV, S12 connects VGEN to VIN, disconnecting RZ, and fixes 
it to the new VMPP. Given RZ is much smaller than the common resistor divider values used 
in FOCV circuits (normally tens of MΩ), tSAMP, and thus TMPPT can be drastically reduced, 
allowing for a fast-sampling rate. The physical limitations of these parameters are fully 
described in [17], as are the values of the different circuit components for both config. R 
and config. C. Eight test points are used for the analysis of the PMU performance. VGEN, 
VBAT, IIN (input current), IOUT (output current), VDIV, VMPP, VIN and VPULSE (sampling control 
signal for the switches). 

C2

C1

PMU

ESE

WEC

RG

VOC 
GND

VINM
PPT

CBP

SYS

ADP5092

RZ

S12

CSAMP

S3

Config. C 

BAT

C3 LOAD

Control

VMPP

VDIV

VIN

VPULSE

VBAT IOUTIIN VGEN

 
Figure 4. FOCV-MPPT config. C circuit presented in [17], together with the WEC’s electrical model 
as the input source and an ESE as the sole output load. 

Config. C performance relies on the previous knowledge of the WEC RG, which then 
fixes RZ. RG and RZ (= RG) set the resistor divider used to sample VOC/2. A relative change 
α (<<1) in either RG (e.g., by time drift or inaccurate characterization) or RZ (e.g., by the 
tolerance or temperature drifts) leads to a relative error of α/2 in the correct determination 
of VMPP. As simple calculations show, this results in a relative change of α2/4 on the power 
provided by the WEC. For example, when α = 0.01 (1%), the power imperceptibly de-
creases by 0.0025%. A relatively larger α of 0.1 (10 %) results in a power decrease of just 
0.25%. Thus, the circuit is very tolerant to changes in RG and RZ. 

2.2.2. Sampling Control Circuit and Timings 
The results reported in [17] were obtained in the laboratory, either by emulating the 

WEC signal with a function generator or by exciting the WEC with a linear shaker. The 
control signal VPULSE was provided by a commercial DAQ. In this study, where the tests 
were performed in the sea, the design of a low-power circuit to generate VPULSE was re-
quired. 

Figure 5 shows the implemented circuit based on a relaxation oscillator (RO) using 
two comparators and with the appropriate resistive and capacitive components (R21, R22, 
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R23, C21 and C22). The first stage generates a squared wave (VA) whereas the second stage 
generates a pulse train, VPULSE, where 

𝑇𝑇MPPT = 2𝑅𝑅21𝐶𝐶21 ln �
𝑚𝑚 + 1
𝑚𝑚

� (2) 

𝑡𝑡SAMP =
𝑚𝑚𝑅𝑅22𝐶𝐶22
𝑚𝑚 + 1

ln �
2𝑚𝑚
𝑚𝑚 + 1

� (3) 

and 

𝑚𝑚 =
𝑅𝑅23
𝑅𝑅22

 (4) 

C21

R22

R22

R21

R23

C22

R22

R22

R22

VPULSE

VA

R23

VA

TMPPT

VPULSE

tSAMP
RO

BAT (ADP5092)

 
Figure 5. Relaxation oscillator (RO) for the generation of VPULSE. 

The circuit is powered from the ESE in such a way that the derived current is sub-
tracted from IOUT, and so the related losses are accounted for in the PMU power efficiency. 
Using the MCP6542 IC for both comparators, the consumption of this circuit could be kept 
to below tens of microwatts. The components and values used for the RO circuit are de-
tailed in Table 1. 

Table 1. Component list for the relaxation oscillator. 

CMP R21 R22 R23 C21 C22 
MCP6543 1 1.2 MΩ 1 MΩ 1.2 MΩ 33 nF 1.2 nF 

1 This IC includes both CMP. 

Table 2 reports the sampling parameters (tSAMP and TMPPT) for both configurations 
used in the test. The parameters of config. R are fixed by the PMU IC and provide a slow 
sampling rate. The parameters of config. C result from (2) to (4), using the values of Table 
1. The justification for this selection is found in Section 4. Table 2 also includes the sample 
ratio defined in [17], 𝑟𝑟S = 𝑡𝑡SAMP

𝑇𝑇MPPT
, to describe the percentage of time the PMU is sampling 

over the total time. Notice a lower value of 𝑟𝑟S has been used in config. C than in config. 
R, further increasing the harvesting time, and thus the harvested power. 

Table 2. Sampling parameters for each configuration. 

Config tSAMP TMPPT rS 
C 57 µs  48 ms 0.12% 
R 256 ms 16 s 1.6% 

The RO circuit with the components reported in Table 1 was simulated in Multisim 
(National Instruments). The results (Figure 6) confirm the parameters obtained in Table 2. 
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Figure 6. Simulated RO pulses with Multisim. 

2.3. Energy Storage Element and Load 
For the ESE, a 165 mAh—3.7 V Li-Ion polymer battery charged at 3.8 V was selected. 

No load is connected to the SYS pin, so that the output power is only delivered to the ESE, 
and thus the estimation of the PMU efficiency is simpler. 

3. Experimental Setup 
A 20 cm spherical drifter with no outer ring (WAVY Ocean from MELOA consortium 

[19], shown in Figure 7) was used to embed the whole or part of the EH systems described 
in Section 2 (WEC, PMU and ESE), jointly with a measurement system. The drifter was 
properly weighted to 3.6 kg, with the appropriate ballast to minimize the exposure of the 
surface to the wind while maintaining its buoyancy. The mass center of the drifter was 
located in the lower hemisphere to ensure vertical alignment. 

IMU

Ballast

Monitoring sys.

PMU

WEC

ESE
Tracking module

Drifter casing

PC receiver

 
Figure 7. Experimental set-up for the tests. Left: the EH and monitoring systems with the two semi-
spheres of the drifter, the ballast and the PC receiver. Right: spherical drifter casing with the EH 
and monitoring systems embedded. 

The wireless measurement system, which was expressly developed for drifters in [7], 
allows real-time monitoring and includes an inertial measurement unit (IMU) placed at 
the drifter’s mass center to estimate its linear accelerations (AX, AY and AZ), a four-channel 
analog-to-digital converter (ADC) to measure VGEN, VBAT, IIN and IOUT (Figure 4), and an 
ESP8266-based microcontroller to control the subsystems, and acquire and transmit the 
data. Input and output powers to the PMU can be estimated as PIN = VGEN·IIN and POUT = 
VBAT·IOUT, respectively. A SigFox-based GPS tracking module was also included to recover 
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the unit in case of loss. The whole measurement system was powered by an external bat-
tery, avoiding any energy interference with the EH system. 

Two tests were performed by deploying the drifter in the sea at a location 4 km off-
shore from Vilanova i la Geltrú harbour, Spain, near the underwater seafloor observatory 
OBSEA [20], which is a fishing-protected and monitored area (Figure 8). Measurements 
were performed every 20 ms and wirelessly transmitted to a laptop placed in a nearby 
boat that used in the test. In both tests, the WEC with the measurement system was em-
bedded into the drifter. In the first test, the WEC’s output was placed in open circuit, and 
VOC and the system accelerations were measured. The objective of this test was to estimate 
fEH from the movement of the drifter under the effect of ocean waves in order to choose an 
appropriate value of fMPPT (≥15fEH, according to [17]). The second test also included the 
PMU and ESE in order to compare the performance of configs. R and C. Both MPPT con-
figurations were tested consecutively in the same drifter. For this test, the input and out-
put voltages and currents were acquired to process PIN and POUT. The system accelerations 
were also measured. 

 
Figure 8. 20 cm, 3.6 kg spherical drifter with the embedded EH and monitoring systems during the 
deployment 4 km offshore from Vilanova i la Geltrú harbour. A white mooring buoy with the UPC 
logo indicates the fishing-protected area. 

4. Results 
4.1. First Test 

In the first test, data were recorded for the duration of 5 min (300 s). Figure 9 (left) 
shows a 100 s time zoom of the drifter’s linear accelerations with the horizontal accelera-
tions AX and AY plotted in red and green, respectively, and the vertical acceleration AZ in 
blue. Figure 9 (right) shows the power spectral density obtained using the fast Fourier 
transform (with MATLAB) and using the 5-min data. AX and AY had a peak-to-peak am-
plitude of 0.9 g, with a root-mean-square (RMS) value of 0.17 g each, and a predominant 
fEH of 0.95 Hz, which is characteristic of the pendulum movement of the drifter caused by 
the displacement of the mass center from the geometric center. AZ had a peak-to-peak 
amplitude of 0.5 g (with an offset of 1 g due to the gravity alignment), with an ac RMS 
value of 0.14 g, and a predominant fEH of 1.1 Hz, caused by the buoyancy vertical response 
of the drifter. These results are similar to those reported in [9] since the size and weight of 
the drifter were very similar, but some differences can be detected. First, the acceleration 
amplitudes were higher due to stronger swell conditions. Second, and most remarkably, 
the predominant fEH (in AX and AY) was 0.95 Hz, whereas 1.5 Hz was found in [9]. This 
difference was caused by a different weight distribution inside the drifter. In this test, the 
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weights were placed around the WEC, resulting in an increase in the total vertical moment 
of inertia, whereas in [9], they were placed below the WEC. According to equation (8) 
reported in [10], this reduces the horizontal fEH. This shows that fEH does not depend on 
the swell conditions, but on the drifter’s shape and weight. 

Figure 10 shows VOC for the full record of 5 min. The left plot (time domain) shows 
that VOC had a pulsating behavior with spikes of up to 2 volts. Zero values were reached 
when the WEC’s flywheel stopped its rotation. A predominant fEH of 0.95 Hz was found 
in the frequency domain plot (right), in concordance with AX and AY (Figure 9), because 
the pendulum arm of the WEC is mainly excited by the pendulum oscillation of the drifter. 
Consequently, a fMPPT of 20.8 Hz (TMPPT = 48 ms in Table 2) was chosen for config. C in the 
second test, so that fMPPT ≈ 22fEH, thus satisfying the condition for harvesting more than 
99% of the maximum power [17]. A tSAMP value of 57 µs was selected to have a small 𝑟𝑟S 
(0.12 %), as shown in in Table 2, thus reducing the energy losses during tSAMP. 

 
Figure 9. Experimental results of the first test at the sea. Left: time series of the horizontal (AX: red 
and AY: green) and vertical (AZ: blue) accelerations of the drifter measured at the center of masses. 
Right: power spectral densities of the linear accelerations. 

 
Figure 10. Experimental results of the first test at the sea. Left: time series of the WEC’s open circuit 
output voltage (VOC) in V. Right, power spectral density of VOC. 

4.2. Second Test 
In the second test, data were recorded for the duration of 7.5 min (450 s). Figure 11 

shows a 100 s time zoom of the horizontal (AX: red and AY: green) and vertical (AZ: blue) 
drifter’s accelerations for both config. C and R. The RMS values of AX and AY were between 
0.17 g and 0.18 g in both cases, as were those measured in the first test. The RMS values of 
AZ were between 0.12 g and 0.14 g, again similar to those measured in the first test. Thus, 
swell conditions were similar between the first and second test, and between the consec-
utive tests for config. C and R within the second test. Figure 12 presents the full 7.5 min 
record of VGEN (brown), PIN (blue) and POUT (black) for config. C (left) and config. R (right). 
The tests for both configurations were consecutively performed. 

For config. C, VGEN reached peak voltages of up to 1 V, which corresponded to VOC 
values of up to 2 V (2VMPP), as shown in Figure 10 (left). As described in Section 2.2.2, in 
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config. C, VOC was not sampled. The frequency spectrum (not shown) was similar to that 
of Figure 10 (right). P IN reached peak values of up to 10 mW, whereas the average (red 
line) was 266 µW. POUT peak values reached 9 mW, while the average (pink line) was 218 
µW. Notice that not all of the generated useful power was delivered to the ESE because 
part was drained to feed the RO (17 µW at a fMPPT of 20.8 Hz were measured in a prelimi-
nary test at the laboratory). 

For config. R, VOC and VMPP showed peak values of approximately 1.4 V and 0.7 V, 
respectively, which were lower than those of config. C. One reason for this could be that 
no sample matched the maximum value of VOC since the PMU was just sampling every 16 
s. Furthermore, there were whole MPP cycles where VGEN was fixed to zero and no energy 
was captured. This happened because the PMU sampled a VOC of zero (VMPP = 0 V) and the 
WEC was then short-circuited during the next 16 s. Overall, the average PIN and POUT were 
reduced to 87 µW and 80 µW, respectively. 

 
Figure 11. Experimental results for the second test at the sea. Left: config. C. Right: config. R. Both 
show the time series of the horizontal (AX: red, and AY: green) and vertical (AZ: blue) accelerations 
of the drifter. 

 
Figure 12. Experimental results for the second test at the sea. Left: config. C with TMPPT = 48 ms. 
Right: config. R with TMPPT = 16 s. Both show VGEN (top, brown), PIN (center, blue), 𝑃𝑃IN���� (center, red), 
POUT (bottom, black) and 𝑃𝑃OUT������ (bottom, pink) are represented. 
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Table 3 summarizes the average power (PIN and POUT) generated during the two tests. 
On the one hand, config. R only captured (PIN) approximately 30% of the energy obtained 
with config. C. The reasons for this drop is the slow tracking of the MPP, which, according 
to [17], is a crucial factor. Table 3 also includes the efficiency (η) of both configurations. 
The efficiency of config. R was better than that of config. C (and close to that specified by 
the manufacturer of the ADP5092) because the latter included the consumption of the RO 
added to speed-up fMPPT (≈ 17 µW at fMPPT = 20.8 Hz). Even so, POUT was 2.7 times higher for 
config. C with respect to config. R. 

Table 3. Comparison results of the power generation test on the marine environment. 

Config TMPPT PIN (µW) POUT (µW) η (%) 
C 48 ms 266 218 82 
R 16 s 87 80 92 

In [7], we estimated the possibility of feeding a low-power module, with sensing, 
processing and transmitting capabilities, from the energy produced by the WEC system. 
Specifically, a TD1205P capable of tracking the trajectory of the drifter in coastal areas and 
estimating the wave parameters using an accelerometer was selected. Since the energy 
used per transmitting cycle was 1.49 J, 12 transmissions per day would be feasible with 
the power generated during the sea test using config. C (218 µW) and just four using con-
fig. R (80 µW). Work is in progress to design a WEC with higher harvesting capabilities, 
and thus power a more power-demanding drifter such as the WAVY Ocean from MELOA 
[19]. 

Table 4 summarizes the main parameters of the results reported in [4–8], as well as those 
of the present work. For studies that used multiple technologies, only the electromagnetic-
based results are reported. The table reports the WEC’s technology and size (φ indicates diam-
eter), the PMU type (custom or commercial), the MPPT method and sampling period, the test 
conditions and the output power density (in µW/cm3). Power density was calculated by divid-
ing the reported power by the calculated volume from the WEC’s size. Suffixes a and p indicate 
average and peak values, respectively. The test conditions are indicated by the source type: 
simulation, laboratory or sea. The test conditions are quite different, so a fair comparison of 
the achieved power density is not possible. Even those carried out in a similar environment, 
e.g., at sea, present different excitations. Furthermore, in [5,6,8], power values are estimated or 
measured directly from the WEC output by estimating or using an optimum load resistor and 
without using the PMU. Therefore, the losses introduced by the PMU are not accounted for 
and it is assumed the WEC is operating at its MPP. However, in a practical system, this can 
only be achieved by using an MPPT with a fast-sampling rate, such as the one proposed in this 
study, and which is the focus of this work jointly with the test at the sea. In [7], the MPPT used 
was a slow MPPT based on config. R, as reported in this study, which produces, as shown in 
Table 3, suboptimal results. 

Table 4. Results for electromagnetic-based, small-size WEC, harvesting energy from free floating 
buoys. The table includes the PMU used and the results achieved. 

Ref. Year Technology WEC Size (cm) PMU MPPT Test µW/cm3 
[4] 2022 Linear mov. Cylinder 50 × 50ϕ Not used Not used Sim 1.32a 
[5] 2019 Swing body Prism 10 × 10 × 6.3 Custom Not used Sea 206p 
[6] 2022 Gimbal Sphere 140ϕ Custom Not used Lab 9.60p 
[7] 2020 Double pendulum Sphere 12ϕ Commercial FOCV, 16 s Sea 0.198a/2.87p 
[8] 2020 Double pendulum Cylinder 16.7 × 10ϕ Custom Not used Lab 0.94p 

This work 2023 Double pendulum Sphere 12ϕ Custom FOCV, 48 ms Sea 0.241a/9.94p 
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5. Conclusions 
In this article, the performance of FOCV-MPPT circuits has been evaluated using dif-

ferent sampling rates in a monitored sea area. To select the appropriate value for the sampling 
parameters, a small-scale, pendulum-type WEC was embedded in an oceanic drifter in or-
der to estimate the fEH of the WEC in OC under the effect of ocean waves. Results showed 
an fEH of 0.95 Hz was produced by the pendulum motion of the drifter. In accordance with 
our previous studies, a suitable TMPPT of 48 ms was selected. Then, a low-power control 
circuit was implemented using a RO to activate the fast sampling of VOC on the MPPT. 
Finally, the performance of the fast-tracking FOCV-MPPT circuit was compared with a 
commercial PMU (TMPPT of 16 s) on the same WEC and under similar sea condition. The re-
sults show that the fast-tracking FOCV-MPPT circuit reaches an average PIN and POUT of 
266 µW and 218 µW, respectively, while the slow-tracking FOCV-MPPT commercial cir-
cuit reaches 87 µW and 80 µW, respectively. Therefore, even accounting for the consump-
tion of the control circuit (17 µW), the net harvested power is increased almost three times 
by speeding up the sampling rate of the MPPT circuit. With this amount of energy, it 
would be possible to feed a low-power node with sensing and transmitting capabilities of 
up to 12 messages per day in a coastal area. Previous studies did not use MPPT, so their 
reported maximum power cannot be achieved in practice. 
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