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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 
FOCV techniques with respect to the other ones. 
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Management Unit (PMU), Maximum Power Point Tracking 
(MPPT), Fractional Open-Circuit Voltage (FOCV). 

I. 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 

electrical model of the KEH device is known. So, Section II.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 VGEN 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 (VMPP). So, the 
maximum achievable power (PMPP) is given by 

 

PMPP = VOC
2/(4RG)                         (1) 

 

with 
 

VOC = KGφω                                  (2) 
 

where KG is the motor constructive constant, φ the magnet 
field generated by the permanent magnet, and ω the generator 
rotor speed. Since KG and φ are constants, VOC is proportional 
to ω. Within one single pendulum cycle, while the pendulum 
applies torque through the one-way gear, the flywheel 
accelerates, increasing ω 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 
ω and VOC. Therefore, ω and thus VOC will have both DC and 
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Fig. 1. KEH device with its main components (left, [5]) and its electrical 
model (right).



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]. [8] 

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 VMPP and thus must be further 
perturbed in that direction. Otherwise, if PGEN decreases, 
VGEN moves away VMPP 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 VGEN 
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 VMPP 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 VMPP 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 

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 (PIN and POUT, 
respectively) and the drifter (and thus the linear shaker) 
acceleration (as) 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 
VMPP 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 Ω, the PMU on 
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Fig. 2. Block diagram of the testing system that includes the instrumentation 
for the excitation of the drifter and the measurement of the data.
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Fig. 3. Thévenin equivalent circuit of the generator (left). Circuit schematic 
of the ADP5092 configured to work as the PMU (center) and ESE (right). 



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 (R1 = R2 = 10 MΩ) and 
held at C3 (CBP pin) as the VMPP. In the second configuration, 
VMPP is set externally by providing the voltage directly to the 
CBP pin (and removing R1 and R2). This configuration was 
used for the CV and the other FOCV-based technique 
(FOCV2). VMPP 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 VMPP 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 VMPP signals that 
provided the maximum power.  

IV. RESULTS 

A. Acceleration characterization 

From the experimental results, the following regression 
line was obtained  

 

as [g] = 0.26ꞏVFG1 + 0.01 [V]                         (3) 
 

According to (3), with FG1 set to 1 V, as 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 II.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 VMPP control 
signal, columns four and five show the measured mean power 
at the PMU input and output (PIN,AV and POUT,AV, 
respectively), and last column shows the mean PMU 
efficiency (). As can be seen for the VMPP signal, CV 

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  VMPP 
= 0.8 V, where PIN,AV = 4.44 mW. Nevertheless, POUT 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 VMPP 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 VMPP values were around 1 V, with the advantage that 
no tuning process is necessary since VMPP is set automatically. 

3)  FOCV2 technique provides the best results (power 
improvement around 25%) for FG2 providing a VMPP 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 as 

(blue) and VMPP (orange) and bottom graph shows PIN, with 
an average value of 5.54 mW. Instanteneous values of PIN 
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 I.  MPPT TEST RESULTS 

MPPT 
technique 

VMPP (V) PMU power results 

Offset Ampl. PIN,AV (V) POUT,AV (V)  (%) 

CV 

0.8 - 4.44 3.97 89.4 

1 - 4.42 4.02 90.9 

1.2 - 4.23 3.92 92.5 

FOCV1 - - 4.41 3.97 90.1 

FOCV2 

0.8 0.6 5.42 4.85 89.6 

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 VMPP 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 VMPP signal. Future 
work will address the generation of this signal in a simpler 
and more automatic way. 

 
Fig. 5. Signals 0.5VOC (black) and VMPP provided by FG2 of 1 V offset and 0.7 
V amplitude (orange).  

 
Fig. 4. FOCV2 test results with FG1 set to 1 V and 2 Hz and FG2 set to 1 V 
offset and 0.7 V amplitude. Above, as (left – blue) and VMPP signal (right – 
orange); below, PMU input power PIN (green).  
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