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Abstract: Effective control strategies are essential for optimizing wave energy production. While
theoretical studies have explored various control approaches, experimental validation of these
methods remains limited. This study proposes a damping adjustment method as a means to enable
the experimental application of resistive control in wave energy systems. The system’s damping is
adjusted through a variable electrical resistance coupled to the generator. A mathematical model is
developed to capture the interaction between the wave energy converter, generator, and variable
resistance. Experimental validation demonstrates a good fit between the experimental results and
the mathematical model. Four different DC machines acting as generators are tested to evaluate the
influence of the model’s parameters on control capability. Results indicate that DC machines with
less internal resistance allow a wider range of damping and power adjustment by using external
resistance. The proposed method shows promising results, emphasizing the significance of the DC
machine parameters in achieving effective control over system variables. These findings contribute to
the development of efficient and reliable control strategies for enhancing wave energy production at
small scales.

Keywords: damping adjustment; load resistance; generator parameters; real wave tank; wave energy

converter

1. Introduction

Wave energy is one of the main sources of energy on Earth, with a global potential
estimated to be between 1 and 10 TW [1,2], and the general consensus is that the amount of
available ocean wave energy is capable of contributing significantly to the energy needs
of different countries [3]. However, its commercial use compared to other renewable
energy sources such as solar and wind energy is still low, mainly due to operational,
techno-economic, and maintenance issues [4]; therefore, reducing the cost of wave energy
converters (WECs) is key to advancing the technology, with the costs associated with the
device structure presenting the greatest potential for achieving this reduction [5]. Then,
regardless of the chosen design, a control strategy is essential for optimal operation of the
device over time in order to maximize the absorbed power of the WEC [6]. Many strategies
have been investigated to improve the energy conversion efficiency [7], which is a key
indicator for evaluating the performance of a WEC [8]. Some of the most studied control
strategies for WEC systems are resistive, reactive, latching, and model predictive control
(MPC) [9,10]. A comprehensive review of the different control strategies implemented in
wave energy can be found in [9].

Resistive control (also referred to as passive control or damping control) considers
the power take-off (PTO) force to be proportional to the speed of the device, so it only
requires manipulating the damping of the PTO, and does not involve reactive power flow
or prediction of the future wave behaviour [9,11,12]. In fact, this control strategy is usually
found in the demonstrators or pre-commercial wave energy converters [9].
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Control techniques can be implemented on the mechanical or electrical mechanism
side, focusing on controlling parameters that influence the power generation of WECs,
and can be conducted on different components of a PTO system [8].

In order to adjust the PTO damping in the resistive control approach, different tech-
niques have been studied. These techniques are very dependent on the type of PTO studied,
for example, for hydraulic PTO the damping adjustment can be performed by modifying
the hydraulic motor displacement as in [13], or the rectifying valve position as shown
in [14]. For systems that use a turbine for the PTO, the control can be achieved by modify-
ing the blade angle [15]. For Linear Permanent-Magnet Generators (LPMG), the PTO force,
i.e., the electromagnetic force on the translator, can be controlled by controlling the power
or the current drawn from the coils to achieve the desired dynamic interaction between
the primary capture system and the generator system to optimize the power extraction [8].
In 2007, Stalberg et al. demonstrated that for an LPMG, the hydrodynamic behaviour of
the point absorber depends, to a large extent, on the damping of the generator and that the
damping, in turn, can be controlled remotely by changing the load resistance [16].

The authors in [17] perform a theoretical and numerical study for a point absorber by
coupling to the system a device named tuned inertial mass (TIM), modelling the obtained
system as having two degrees of freedom, consisting of an inertial rotational mass coupled
to the generator axis and a tuning spring between the device and the just-mentioned mass.
For a resonant state, it was found that adjusting the rotational inertial mass generates an
increase in the power generated, because it is coupled to the axis of the same, while in a
non-resonant state this has no effect, as only an optimal value of the spring stiffness is used.

The same authors in [18] experimentally validate the device using a scale model
on a wave bank with regular wave inputs. The generator is a three-phase permanent-
magnet synchronous generator, connected to three resistive loads in a star configuration,
with resistance optimized to increase the absorbed power by varying its value in a range
of 4-15 ohms with a 1 ohm increment for each wave input of different dominant periods,
noting that the optimum value of the resistance depends on the input wave.

Finally, in [19], the authors numerically evaluate two control strategies named Static
Admittance Control (SA) and Performance-Guaranteed Control (PG) [20] for a two-body
WEC with the TIM system and the conventional device, in which the generator current
value is modified by adjusting its admittance. A numerical simulation is performed using
the WAMIT software, concluding that the new WEC outperforms the previous one using
both controls, with better performance for the PG control

Other authors in [21] theoretically analyze a WEC consisting of a two-body system; the
upper body oscillates due to wave forces, and the second body undergoes forced oscillation
due to the motion of the first body. They mathematically relate the hydrodynamic variables
with the electrical variables of a linear generator, obtaining an expression for the absorbed
power. Finally, it was demonstrated that the system’s efficiency and absorbed power are
sensitive to wave height, resistive load, and system stiffness.

In [22], the authors perform real-time Nonlinear Model Predictive Control (NMPC)
for a laboratory-scale dual coaxial cylinder WEC connected to an LPMG, which finds the
optimal damping that maximizes the absorbed power by changing the value of a resistive
load connected to the stator of the generator by using a solid-state relay.

It has been observed that there are various studies in which the absorbed power of the
PTO system is optimized by control strategies that modify the electrical variables, and it is
already known that the load resistance can modify the damping of the system.

However, only a couple of the previous works have experimental validations, mostly
on large wave channels and using a single LPMG without focusing on how the characteris-
tics of the generator affect the regulation capacity of the system dynamics. Additionally, it
is important to highlight that, in wave energy converter design, it is highly recommended
to start the design process with small-scale devices and increase the scale gradually. One
challenge faced at small scales is the difficulty to study control strategies because most of the
proposed PTO systems have high losses at small scales in relation with the control forces.
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Therefore, the aim of this paper is to study theoretically and experimentally how the
PTO damping and consequently the generated power can be modified by varying a resis-
tance load connected to the DC machine of a small-scale wave energy converter and how
the characteristics of this machine affect the regulation capacity of the system dynamics.

2. Experimental Setup
2.1. Wave Channel

Figure 1 depicts a schematic view of the experimental test rig [23]. It consists of a
single-direction wave channel, with a generation zone at the beginning (hinged paddle
and absorption zone) and a final absorption zone to avoid reflections. At a distance L;
from the generation zone a buoy is placed. This buoy represents the point absorber wave
energy converter (PA-WEC), which consists of a spherical buoy of diameter D;, printed
with a 3D printer using PLA filament connected to an aluminium vertical shaft of 20 mm in
diameter, restricted to heave motion by two axial bearings. A picture of the laboratory wave
energy converter is depicted in Figure 2. The power take-off (PTO) system consists of a
direct mechanical drive system using a rack and pinion system connected to a DC electrical
machine. DC machines were selected in this work for their simplicity in modelling and
controlling. The PA-WEC and PTO are represented in Figure 3. The main dimensions of
the wave channel and PA-WEC are shown in Figure 1 and Table 1.

Generation
zone

Absorption
zone

Figure 1. Schematic representation of the wave flume with its dimensions.

‘ ":.l it
- i

Figure 2. Picture of the controllable point absorber wave energy converter.
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Figure 3. Controllable point absorber wave energy converter.

Table 1. Dimensions in meters of the tank illustrated in Figure 1.

h N Wy I 13 Dy
0.252 0.5916 0.48 1.64 1.326 0.21

The motion of the (PA-WEC) is measured using a laser displacement sensor and the
wave surface elevation is measured by a resistive-type wave gauge placed up-wave of
the PA-WEC. The voltage and current of the DC machine are also measured using an
oscilloscope. These four variables are transferred to the computer by a National Instrument
1/0 board DAQ NI PCI 6221. A load resistance R; is connected to the terminal of the DC
machine, and such a resistance is adjusted by using a potentiometer, the angular position
of which is controlled by a step motor.

The control of wave frequency w is carried out by means of a variable frequency drive
connected to a gear reduction box with a transmission ratio of 0.4 between the motor shaft
and the wave generator system.

2.2. Electric DC Machines

Four different electric DC machines are studied. Each one is characterized experimen-
tally using a KEYSIGHT oscilloscope model DSOX2024A, with which the electric current
circulating in the DC machine is measured when a voltage is applied with an external
source whose value varies in a different range for each one, in order to obtain an average
value of the results. The main characteristics of these DC machines are listed in Table 2.

Table 2. Electric DC machine characteristics and parameters. k;,: proportional constant between
EMF force and the angular velocity of the DC machine, R,;: motor internal resistance, and L,:
motor inductance.

Motor k,, (Virad/ls) R, (Q)) L, (H) Nominal Power (W) Nominal Voltage (V)

Gl 0.750 401.4 0.64 35 220
G2 0.050 722 0.01 40 18
G3 0.235 34.78 0.08 55 120
G4 0.047 107.69 0.16 0.5 12

3. Mathematical Formulation

The mathematical model consists of the coupling between the hydrodynamic model
of the WEC and the electric model of the motor with the external adjustable resistance
connected to the motor.
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3.1. Hydrodynamic Model

In order to obtain the hydrodynamic response of the floating body to different waves,
a Linear Potential Theory (LPT)-based model is solved by using the Boundary Element
Method (BEM) through the software Ansys AQWA. This is a numerical analysis software
for the hydrodynamic study of floating and fixed structures. The fluid-structure interaction
is modelled based on the potential flow theory, which considers the ideal working fluid,
i.e., incompressible, non-viscous, and irrotational. Under these conditions, the water
velocity if can be expressed in terms of the scalar function named velocity potential &,
whihc must satisfy (1) known as Laplace’s equation [24].

VZp =0 1)

The laboratory PA-WEC is represented by a one-degree-of-freedom system. The math-
ematical model to represent the dynamics of the PA-WEC is based on the most common
approach for hydrodynamics models named the Cummins equation. Derived in 1962 [25],
the Cummins equation for a body of mass m and no forward speed and considering an
ideal fluid can be written as

(m+A(w))Z+Dr(w)Z+SZ = Fexc(w) _FPTO/ (2)

where A is the added mass, D; is the radiation damping coefficient, S the stiffness of the
hydrostatic restoring force, Fex. is the excitation force, and Fpro is the vertical force due to
the power take-off mechanism. It is observed that the hydrodynamic parameters A, D,
and Fey, are variables that depend on the frequency of the incident wave on the device,
denoted as w. This frequency can vary throughout an experiment if working with irregular
waves or remain constant if working with regular waves, i.e., waves with a constant period
and amplitude.

The hydrodynamic coefficients A, D, F.xc, and S were obtained from Ansys AQWA
solver and are depicted in Table 3, where it can be observed that the added mass and
excitation force divided by the wave amplitude (H;) exhibit a linearly decreasing behaviour
as the wave frequency increases, while the radiation damping remains approximately
constant. The obtained value for the stiffness of the system is K = 349.21 N/m.

Table 3. Hydrodynamic parameters: excitation force divided by wave amplitude (N/m), added
mass (kg), and radiation damping (Ns/m), for the three wave frequencies studied.

Wave Frequency (w)

Parameter 1.28 Hz 1.32 Hz 1.36Hz
Foxc/ Hs 136.94 N/m 156.39 N/m 149.06 N/m
A 1.23 kg 121 kg 1.18 kg
D, 6.73 Ns/m 6.73 Ns/m 6.71 Ns/m

3.2. Electric Motor Model
The DC machine armature voltage v, can be represented as shown in (3).
dig

% 4+ Raig, 3)

te :kaZLa dt

where i, is the armature current. The torque of the motor ¢, can be written in terms of the
electrical properties or in terms of the mechanical properties as

tpro = Ié+D9+kmia, 4)

where | is the motor angular inertia, D is the viscus friction coefficient, and ¢prp is the
torque from the WEC.
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Assuming a perfect transmission from the rack—pinion system, the power take-off
torque (tprp) from the motor can be written as
tpro = Fprot, ©)
where r is the pinion radius.

3.3. Controllable System Using Variable Resistor

In the present work, a controllable WEC is proposed based on a variable resistor.
The schematic representation of this system connected to the DC machine is shown in
Figure 4.

Inside DC motor

Figure 4. Representation of the controllable PTO.

Equation (3) can be modified to include the variable resistance R that depends on the
input signal u, where the new equation is

. di . .
kb = Lad—: + Ryig + Ry (u)ig, (6)

Neglecting % because it has a much faster dynamic compared with the rest of the
system, the current i, from Equation (6) can be written as

kim

ia = mez (7)

where the current is only related to the resistance (internal and external) and the motor

rotating speed.

3.4. Coupling Hydrodynamic and Electric

If Equations (2), (4), and (6) are combined and the relations between linear and angular
dynamics are transformed according to z = r6, 2 = 6, and # = rf, we can identify the
following equation:

(m+ A(w))z + Dy(w)z + Sz = Foxe(w) — 1/7(J6 + DO + ki) (8)
Adding the definition obtained in (7), Equation (9) can be obtained.

2
(m+A((U)+r]2).Z.+(Dr(CU)+£+}}2%)Z+(S)Z=Fexc(w) 9)

Defining the new global variables Mg, D¢, Kg, and F; as

Mg (w) = m+ A(w) + ] /7* (10)

D ( _ 2 l (km)z
c(w,u) = Dy(w) + D/r* + 2R, + RL(0) (11)

Kc=S (12)
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Fo(w) = Fexe(w) (13)
it is possible to represent Equation (14) as
Mg (w)z+ Dg(w,u)z 4+ Kgz = Fg(w) (14)
The generated electrical power is obtained from Equation (15).
P, = Dproz® (15)

where the velocity of the WEC is derived from Equation (14) and the PTO damping Dpro
is defined according to

Pr1o = o R, Ruw) 1o

4. Experimental Procedure

Due to the fact that the damping cannot be measured directly, the mathematical model
is compared with experiments by using the generated power. To observe the influence of
the variable external resistance R} and the DC machine parameters on the absorbed power,
the following procedure is followed:

1. The WEC is placed in the wave flume in the position depicted in Figure 1 and the
DC machine is coupled to the system by using the rack and pinion system, as shown
in Figure 5a. The four DC machines are tested by replacing the machine in each set
of test.

2. For each tested machine, Ry, is varied by using the adjustable resistance system shown
in Figure 5b that has been schematically described in Figure 3. The external resistance
is adjusted by varying the angular position of the potenciometer connected to the end
of the terminals of the DC machine. For a precise adjustment, the angular position is
controlled by a step motor that is rigidly attached to the potenciometer. It is important
to mention that the linear relation between angular position and resistance load was
previously studied. The studied external resistances for this work are 0.8 (2, 5.0 (),
and 10.0 Q.

(b)

Figure 5. Experimental setup details: (a) picture of the rack and pinion system, (b) picture of the

adjustable external resistance system.

3. Frequency values of 3.20 Hz, 3.30 Hz, and 3.40 Hz are selected on the variable fre-
quency drive (VFD). This VFD controls the velocity of the electric motor shown in
Figure 6b, which generates the movement of the wave generator flap. Then, as ex-
plained in Section 2, the velocity is reduced by a gear box, generating regular waves
with frequencies of w; =1.28 Hz, w; =1.32 Hz, and w3 =1.36 Hz, respectively. The ex-
perimental wave generation system is shown in Figure 6.
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(b)

Figure 6. Experimental wave generator details: (a) picture of the wave flume with the generator flap,
(b) picture of the electric motor and wave generator system.

4. The generated power is obtained by multiplying the measured voltage and cur-
rent using the oscilloscope, and the average value of the resulting power is calcu-
lated. The measured voltage and current for the case where DC machine G4 is used,
with R; = 10 ) and wave frequency of w3z =1.36 Hz, is depicted in Figure 7 as
an example of the procedure. The observed behaviour of the current and voltage
in Figure 7 can be explained by the conversion of the sinusoidal linear movement
generated by the waves into rotational motion through the rack and pinion system
(see Figure 3). This rotational movement closely resembles a sinusoidal pattern, re-
sulting in a sinusoidal rotational speed 0. According to the relationship v = k0, this
sinusoidal rotational speed 6 generates a sinusoidal voltage v. Therefore, despite the
machine being DC, the voltage and current at the DC machine terminals exhibit a
sinusoidal waveform due to the sinusoidal nature of the variable 6.

Current (A)

|
o
o ©
NS .

|
e
o

T 2 3 4 5 6 7 8 9 10
Time (s)

Figure 7. Measured voltage and current for DC machine G4 using R} = 10 Q2 and wave frequency of
w3 =1.36 Hz.

The four steps described above are performed at least 5 times in order to ensure
repeatability. Each measurement has a duration of 60 s, with a sampling frequency of
100 Hz, obtaining 6000 data points for each measurement.

The wave amplitude H; is also measured for each test in order to consider the varia-
tions in this parameter. This is important because changes in the wave amplitude can be
more influential on the generated power than changes in the PTO damping [26]. The mea-
sured amplitude for each case is depicted in Table 4.
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Table 4. Maximum wave amplitude H; for each machine and external resistance studied.

External Resistance (Ry)

H; Electric Machine

0.8 Q) 50 10 O
G1 1.90 cm 1.83 cm 1.64 cm
G2 1.53 cm 1.63 cm 1.62 cm
G3 1.63 cm 1.64 cm 1.62 cm
G4 1.91 cm 1.82 cm 1.63 cm

5. Results and Analysis

The results are divided into two subsections. The first one is the experimental vali-
dation of the theoretical model by comparing the generated power and electrical current
per wave amplitude for each generator and different wave frequencies. The second one
is focused on the analysis of how the external resistance affects different system parame-
ters and how the characteristics of the electric machine affect the PTO damping and the
regulation capacity of the generated power.

5.1. Experimental Validation

By using the hydrodynamic coefficients obtained from AQWA and the electrical
parameters described in Table 2 and replacing them in (7), it is possible to obtain the power
for each motor for the different wave frequencies and external electric load resistances
(Rp) studied in this work. In order to validate the model results, the RMS current per
wave amplitude and the RMS power per wave amplitude are calculated and compared
with the experimental results. Figure 8 presents twelve graphs depicting the value of RMS
current per wave amplitude (Y-axis) versus resistive load (Ry) (X-axis). The graphs are
arranged in a matrix format, where each row represents a studied wave frequency (wy, w»,
ws3), and each column represents the DC machine used (G1, G2, G3, and G4). For instance,
the top-left graph illustrates the results of RMS current per wave amplitude versus resistive
load for a wave frequency of w; =1.28 Hz using the DC machine G1.

Figure 9 is analogous to Figure 8, but this time it shows the RMS power per unit of
wave amplitude versus external resistive load value (Rp).

—F—Model
© Experiments
G1 G2 G3
£ 15 4
S~ -
< 06 1047 T T
o Wro4. 1§ T +oot—t 5
° 53 7 5 4 1P 7 9
_é 0.2{¢ I —3
g O%—35 1% 35 0% 5 1o
(o]
% 15 4.
ES 0.6 101+ | I
> wo 049 ® o) 26—
= T 5 ) LT 3
g 0.2 1
g I
g S 5 10% 5 10
2 15 4——
0.6
w3 0.4} 2 ;\’;\:
0.2 T T
0 0 (| S—

0 5 10°0 5 10°0 5 10
Load Resistance (ohms)

Figure 8. RMS electrical current per wave amplitude versus external load resistance value. Experi-
mental and mathematical model results for four DC machines and three different wave frequencies.
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z “10.02|] 0.2 EOQ b
(9] 0 P )
T 002 ofe—2" % gla—i—3
2 0 5 10°0 5 10
£ 0.4
< 006 0.4
£ 004 ! ,
2 w0.02 702 T $02 T
= 0 ¢ ¢ q
v % .
_ g1
§ 0.02 0%—35 10% 5 1o
0 0.4
5 0.06 0.4
0.04 1 T
w30.02 $0.2 102 3
0 o 1 I /%/
Fple—" T ole i}

—0.02

O 4
0 5 10 0 5 10 0 5 10 0 5 10
Load Resistance (ohms)

Figure 9. RMS electrical power per wave amplitude versus external load resistance value. Experi-
mental and mathematical model results for four DC machines and three different wave frequencies.

It is possible to see that it is evident that the model correctly represents the general
behaviour of the measured electrical current and power for all the studied electric machines.
Figure 9 also shows that the electrical power is higher for wy, as expected, due to the
fact that w, = 1.32 Hz corresponds to the resonant frequency. Additionally, machine G2
presents the best behaviour, reaching up to 1 W per meter of wave, practically 10 times
higher than G3 and G4 and 100 times G1. It is important to mention that in this scale the
experimental uncertainties are important and the use of higher-precision sensors can be
beneficial for the accuracy of the model.

5.2. Theoretical Analysis

The main goal of the present work is to demonstrate how each electrical machine
affects the PTO damping by adjusting the electrical load resistance and how this variation
produces a variation in the generated electrical power. In order to evaluate this goal, in
Figure 10a the PTO damping is plotted for one wave frequency and for the four different
DC machines against the external load resistance value. It can be seen that theoretically the
PTO damping can be adjusted with any of the machines and as expected from the definition
of Dpro in Equation (11) the damping is reduced when Ry is increased. Nevertheless,
the total damping (mainly due to mechanical and electrical losses) in G1 and G3 is higher
compared to G2 and G4, as can be seen in Figure 10d; this produces a very low displacement
of the system for G1 and G3, as can be seen in Figure 10b. On the contrary, a higher
displacement can be reached with G4, which has lower losses. However, a lower RMS
power is achieved with G4 compared to machine G2; this can be explained by observing
the electrical parameters in Figure 10e,f, where the generated current and voltage present
lower values for G4 compared to G2.

It is highlighted that for the motors G2 and G3, within the range of resistive loads
studied, there is an optimal value for the latter that maximizes the RMS power, which is
notably evident for the motor G2. This shows that by varying the external resistive load an
optimal damping can be achieved that maximizes the generated power.
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Figure 10. Influence of load resistance on different variables for wave frequency of 1.32 Hz and for
each electric machine. (a) PTO damping, (b) PTO displacement, (c) RMS power, (d) Total damping,
(e) Voltage and (f) RMS current.

For a better analysis of this behaviour, the variation in the damping is normalized
by dividing the PTO damping by its higher value and plotted against load resistance in
the region between 0 and 100 Ohm and depicted in Figure 11. It can be seen that the
load resistances have almost no influence over the PTO damping for G1 and G3 obtaining,
respectively, a variation of approximately 20 and 40 percent. Nevertheless, the power can
be significantly modified in G2 by varying the electric resistance with a change of over
90 percent. What makes G2 better is its low value of k;, that is explained in part by its low
internal resistance R,.

N | | ' , ; ; ; ; ;
“‘ 61
. 90 gl
i G3
g oo -
g_ \
S 701 |
© “‘\
© 6ol | 7
o
: - .
S 50 \
S )
= \
8 a0t |
S A\
> N
g 30 AN |
2 -
g 20t T~ |
& T~ '——r—",,,,,""

10 F T |

1 l ; ‘ ‘

0 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Load Resistance (12)

Figure 11. Normalized influence of load resistance on different variables for wave frequency of
1.32 Hz.

It can be seen that the characteristics of the DC machine have a great influence on
the regulation capacity of different dynamic properties of the system. In Figure 12, it is
studied how the internal resistance R, and the constant k;, affect the ability to change the
PTO damping by varying the external load resistance R;. In order to do that, the RMS
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power is plotted as function of R, /k?, and Ry /k2,. In a similar manner, Figure 13 shows the
influence of the characteristics of the DC machines on the generated power of the system.

Figure 13 shows that when R, /k?2, is lower, the power variation as a function of Ry /k2,
is higher, reaching an increase of up to eight times when the maximum power is compared
with the power generated at the maximum R; /k2, studied of 40,000 Q2/V?s2. When R, /k?,
is increased, Ry /k2, has less influence on the generated power, making the system less
controllable. For example, using R,/k2, = 2000 Q0/V?s?, the maximum power is only
2.4 times the minimum power at R /k2, = 40,000 (3/V2s?.

Dpro (N/(mis)

10° 4

3000

1

R k2 (QNV?s?)
R /K2 (QV3s?) Lom

Figure 12. PTO damping as function of R,/k2, and Ry /k2,.

The behaviour shown in Figure 12 can be explained according to Equation (16). This
equation shows that the PTO damping depends on 7, k;;, R;, and Ry. If the only option is
to modify Ry, when this parameter tends to zero the PTO damping will become constant
and equal to k2,/(r?R,), and when this value tends to infinity Dpro will become 0, so
the maximum variation depends on the dimensions of kzm / (rzRa), so for a smaller R, the
range will be higher and the same happens for a higher k;,. This is the reason why it
can be concluded that, for a constant r with a smaller R,/ k%ﬂ a wider range of action can
be achieved. It is possible to see in Figure 13 that, as expected, with a wider range of
adjustment of the PTO damping, a higher variation in power can be obtained.

150

100

RMS Power (mW)

R /K2 (V?s?)
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a m

Figure 13. RMS power generated as function of R, /k2, and Ry /k2,.
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6. Conclusions

This study demonstrates the feasibility of adjusting the PTO damping and, conse-
quently, the power output of the wave energy system using variable resistance connected
to the DC machine. By implementing the proposed damping adjustment method, pre-
cise control over the system’s behaviour and power output can be achieved, allowing for
fine-tuning of the energy conversion process. The variable resistance serves as a valuable
actuator, enabling the efficient regulation of the system and enabling the future experimen-
tal application of resistive control of the WEC. Importantly, this research highlights the
significance of DC machine selection in attaining desired control outcomes. DC machines
with specific characteristics prove crucial in achieving substantial power variations within
the range of external resistance. A careful consideration of the DC machine parameters is
therefore pivotal in maximizing control capability and overall system performance. Overall,
this study contributes to the advancement of control strategies for wave energy production.
The experimental validation of the damping adjustment method, along with its emphasis
on the influence of DC machine parameters, offers valuable insights for the design of effi-
cient and reliable control systems, ultimately aiming to enhance wave energy production.
It is important to mention that with the findings of this work, it is possible to implement
different control techniques and theoretically validate control strategies at a small scale,
such as the one shown in [12]. Additionally, these results allow the correct selection of
electric machines for real-scale wave energy converters, where a resistive control strategy
is selected.
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The following abbreviations are used in this manuscript:

WEC Wave Energy Converter
MPC Model Predictive Control
PTO Power take-off

LPMG Linear Permanent-Magnet Generator
RPMG Rotating Permanent-Magnet Generator

TIM Tuned Inerter Mass
SA Static Admittance Control
PG Performance Guaranteed

NMPC Nonlineal Model Predictive Control
PA-WEC  Point Absorber Wave Energy Converter
LPT Linear Potential Theory

BEM Boundary Element Method
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