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Abstract—Energy efficiency and renewable energy generation
is attracting increasing attention, due to the established under-
standing that a new sustainable approach to power human activ-
ities is compulsory, on the one hand, and thanks to technological
advances, on the other hand. Energy harvesters, at different
scales, are promising tools, but their performance and economic
viability depend on advanced energy-maximisation control tech-
niques. This paper borrows a control strategy from the vibration
energy harvesting field, and implements it to a notional wave
energy conversion application. A linear time variant damping
coefficient of the power take-off unit is considered, oscillating at
twice sinusoidal excitation force frequency, inducing parametric
resonance in the system and significantly expanding the response
bandwidth. Active and semi-active solutions are investigated,
allowing or preventing bi-directional power flow, comparing
results with traditional passive and impedance-matching control.
Results show that, although both active and semi-active control
successfully increase the mean power extraction, much larger
than passive control, semi-active control ensures better power
quality and lower control forces.

Keywords—Energy harvesting, wave energy converter, lin-
ear time-variant system, energy-maximization optimal control,
active/semi-active control, pseudospectral approach

I. INTRODUCTION

Recent years are witnessing, more than ever, a clear and
resolute worldwide momentum towards sustainability, based
on the solid awareness that human impact on the planet must
become at least neutral, if not positive. One of the major
pathways towards sustainability is related to energy, which
should be generated from renewable sources and should be
used efficiently, avoiding waste. This is in line with the
Sustainable Development Goals (SDG) [1], in particular SDG-
11 (Sustainable cities and communities), SDG-7 (Affordable
and clean energy), and SDG-13 (Climate action). Within
this context, novel energy harvesting/scavenging technologies
are proliferating, exploiting environmental energy to power
electric systems. Energy harvesters are particularly common
for low-power applications for sensors and the new Internet of
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Things (IoT) [2]-[5], with vibration energy harvesters (VEH)
being among the most common.

The environment is full of sources of vibration, usually
noisy or broadband. Trivial linear vibration energy harvesters
are usually quite effective just at their own natural resonant
frequency, whereas there is an abrupt degradation of response
at any different frequency. Therefore, economical and tech-
nical feasibility can be achieved only through an structural
improvement of the performance of the VEHs, with the ob-
jective to both magnify the power amplitude and, at the same
time, broaden the frequency bandwidth. Prominent stratagems
encompass including nonlinearities in the architecture of the
system [6]: bistability [7], Duffing nonlinearity [8], stochastic
oscillators [9] and parametric oscillators [10], among others.
An alternative, less followed, route proposed to use linear time
variant (LTV) systems instead, leading to either active or semi-
active control strategies. Active control strategies normally
guarantee the largest mean power, although the power flow
is required to be a bidirectional between the transducer and
the vibrator, hence often demanding for more expensive and
complex machineries. Instances of active control strategies
for VEH can be found in optimal stochastic control [11],
including nonlinearities [12], in piezoelectric circuits [13],
or considering positive/negative parametric resonance [14].
Considering the balance between economic and technical
aspects, a question remains open, i.e. if the marginal cost and
complexity increase is clearly justified by a greater gain in
power delivered. Semi-active control strategies offer a hybrid
solution, that refers to the introduction of an active alteration
of a passive system parameter, so that no explicit actuator is
required [15]. Mechanisms of this sort can be implemented,
for example, via controllable fluid dampers, variable orifice
dampers, or magneto-rheological dampers [16].

With a similar working principle to VEH, wave energy con-
verters (WECs) produce electricity from an offshore renewable
energy source. Despite the similarity, the order of magnitude
of produced power is several orders of magnitude larger
[17], [18]. Simple traditional strategies for WECs use passive



control or impedance matching reactive control, while modern
energy-maximising control strategies attempt to resolve the
optimal control problem with model-predictive control (MPC)
or MPC-like approaches [19].

This paper applies to WECs a control strategy mainly
studied for VEH, i.e. to use a time-varying damping coef-
ficient to induce parametric resonance into the system and
increase power extraction. Such an objective is achieved via
a convenient pseudo-spectral approximation framework used
to readily compute the steady-state response of the associ-
ated linear time-varying (LTV) system. Results are provided
considering active (bidirectional power flow) and semi-active
(unidirectional power flow), also considering unconstrained
and constrained displacement; results are also compared to
standard passive and impedance-matching reactive control.

II. PROBLEM DEFINITION
A. System model

A generic oscillating energy harvester, oscillating in the
generic z direction, can be represented as a single-degree of
freedom (SDOF) system, as schematically shown on the right-
hand-side of Fig. 1, composed of a mass M, subject to an
oscillating excitation force F,,, connected to a fixed frame of
reference by means of a spring with stiffness K, € RT, a
damper with coefficient B representing internal dissipations,
and a power take-off (PTO) unit for energy extraction. An
assumption is that the force of the PTO is linearly proportional
to the relative displacement (z) and velocity (2), by means
of Kpro and Bpro, respectively. The total PTO damping
coefficient, useful for energy extraction, is defined in terms
of a time-varying mapping Bpro : RT — R, Bpro(t) =
boro + bero(t), where b9, € R represents the mean PTO
damping. In Fig. 1, it is already presented the equivalence
between a heaving point absorber wave energy converter and a
generic oscillating energy harvester, where the restoring force
is provided by the hydrostatic stiffness (K7}), and the wave
radiation force is decomposed in a term proportional to the
acceleration via the added mass coefficient (A(w)), and a term
proportional to the velocity via the radiation damping coeffi-
cient (B(w)), both frequency(w)-dependent. Note that, for a
fixed input frequency, the dependence on w can be dropped
accordingly, and B(w) = B and A(w) = A. Additional
physical phenomena, such as viscous damping [20], mooring
stiffness [21], [22], mooring instability [23], are here neglected
for simplicity. If necessary, an appropriate approximation may
be defined [24].

The dynamic equation of the SDOF system follows directly
from second law of dynamics ', i.e.

MZ+BZ+(bgT0+bPTO(t))Z+(Kh+KP'TO)Z = Fez(t)7 (l)

with z being the displacement of the mass and, taking a
cosine (harmonic) monochromatic wave at angular frequency
w, Fop(t) = F2, cos(wt), F, € R. From now on, we refer to

IHereafter, the dependence on ¢ is omitted in the instances when it is
obvious from the context.
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Fig. 1: Representation of the single-degree of freedom vibra-
tion energy harvester.

the input (excitation) frequency as the fundamental frequency,
whereas its related period T = 27 /w is named fundamental
period.

B. Traditional control approaches

The traditional approach to energy extraction maximization,
applicable for mono-chromatic excitation in linear-time invari-
ant systems, is impedance-matching [25], where, for a fixed
input frequency w, the optimal stiffness and damping terms of
the PTO system, as defined in Fig. 1, are:

Bpro = B, @)
KpTO = Mw2 - Kh-

However, (2) eventually requires reactive power, due to a
non-zero K, which may increase the complexity and cost of
the PTO system; moreover, if K, is negative, a bi-directional
power flow is demanded, i.e. the PTO must provide power to
the system during a portion of the oscillation period in order to
extract more energy in the complementary part of the period.
Therefore, a sub-optimal passive control can be alternatively
defined as:

3)

Bpro = \/B% + 1 /w?(Mw? — K})2,
Kpro = 0.

C. Optimal control problem

The objective considered in this work translated into the
definition of a convenient design for the time-varying mapping
Bpro so that the absorbed energy by the WEC is maxi-
mized. Equivalently, such a design encompass an energy-
maximization objective, where the criterion is to maximise
the absorbed energy from the corresponding base excitation,
over a finite time interval> = = [0,7] C R*. Being more
specific, the excitation input is converted into useful energy by
the PTO system, which can be calculated in a straightforward
way as the time integral of converted (instantaneous) power:
Let the control force be defined as u = (b2 + bero(t))? (i.e.
PTO input); It follows that such an energy-maximizing design

2We highlight no loss of generality in assuming the starting time to 0.



approach is translated into an optimal control problem (OCP),
with objective function J defined as

1 .
J (Bpro) = T L(bgTo + bero(t)) 2% (7)dr, 4)

Using the control objective function as declared in (4) (i.e.
the mapping J), and the WEC dynamics as in (1), the energy-
maximizing OCP is properly expressed as:

Problem 1 (Energy-maximizing OCP). Look for an optimal
control damping Bph, : Z — R so that

Bpro = argmax 7 (Bero),
Bero
subject to: ®)
Wave energy converter dynamics (1).

D. On the selection of the time-varying Bpro

Since the external excitation is harmonic, it is reasonable
to also let Bpro assume a corresponding harmonic form.
It’s worth noting that, although not a strict requirement nor
condition for optimality, such an assumption is in line with
previous work found in [16] and [14]. Therefore, hereafter,
we let the time-varying damping bpro to be defined as

N

Bpro(t) = bpro + Z az cos(pwt) + ﬁz sin(pwt),  (6)
p=1

with N € N, and where {ag, ﬂg 7_1 C R. Furthermore, based
on previous work, such as [14], [16], [26], it is found that time-
variation simply at twice the fundamental frequency is already
highly-beneficial, thanks to exploiting parametric resonance;
therefore, we simplify the expression in (6) as

Bpro(t) = biro + ab cos(2wt) + B4 sin(2wt), (7)

ie. ag = 52 = 0forp=1andVp > 3 in (6). Therefore, three
variables are optimized, namely the mean damping coefficient
(b910) and the two terms corresponding with the time-varying
damping coefficient at twice the excitation frequency (a4 and
B3).

Note that, if Bppo becomes negative in portions of the
time period, bidirectional power flow is required at the PTO,
hence realizing an active control strategy. Since additional
complexity and cost may arise from bidirectional PTOs, a
semi-active control strategy may be preferred; this is realized
by imposing an additional constraint to the control problem in
(1), namely requiring the instantaneous power to never change
sign.

E. A pseudospectral-based approach

The OPC, defined in (5), using the parameterization of the
damping coefficient in (6), can be formulated using a pseudo-
spectral representation, in turns enabling a computationally
efficient mapping for the algebraic approximation of the steady
state response. While the method is briefly illustrated here
in Figure 2, we refer the reader to [27] for an extensive
discussion on the theoretical foundations of this strategy. The
major advantages and properties are listed hereafter:

« The steady-state response of the associated LTV system,
i.e. the WEC driven by a time-varying damping (feed-
back) force, can be written in terms of a linear algebraic
equation which always has a unique solution.

o Such steady-state equation can be utilized to transcribe
the infinite-dimensional OCP (5) to a finite-dimensional
nonlinear program (NP).

o The resulting NP can be solved using state-of-the-art op-
timization routines, leading to a well-posed computation
of the associated time-varying optimal damping force.

o Constraints on both motion variables, and final damping
control force, can be added to the NP straightforwardly
via collocation.

Infinite-dimensional

OCP

]

Steady-state
formulation

v

Variable
parameterization

v

Finite-dimensional

NP

B — -

Optimal time-varying
damping

Pseudospectral approach

Fig. 2: Schematic representation of the pseudospectral based
approach.

III. CASE STUDY: A WAVE ENERGY CONVERTER

As a case study, a single-degree of freedom wave energy
converter (WEC) is considered, inspired at the Wavestar de-
vice. The WEC is a piercing spherical heaving point absorber,
schematically shown in Fig. 1, whose geometrical and inertial
properties are shown in Table I, and hydrodynamic curves are
shown in Fig. 3 for different wave periods (7).

TABLE I: Properties of the wave energy converter.

Parameter Symbol | Quantity | Units
Radius R 2.5 m
Draft d 2.5 m
Mass m 33543 kg
Hydrostatic stiffness Ky, 1.9743 N/m
Natural period Tn 3.1 S
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IV. RESULTS

The two time-varying PTO damping coefficient strate-
gies (active and semi-active) have been compared to the
constant damping strategy, shown in (3), and the reactive
impedance-matching (IM), shown in (2). Results are discussed
in Sect. IV-A. However, it becomes evident that it is necessary
to include a constraint on the maximum absolute displacement,
leading to results presented in Sect. IV-B.

Regular waves are considered, with wave period (77,) rang-
ing from 2s to 12s, and wave height (H,,) equal to 3m.

A. Unconstrained optimization

Figure 4 shows a representative time trace of the steady-state
response to an incoming wave of T, equal to 6s, showing the
velocity (2), the total PTO damping coefficient (Bprg), the
resulting PTO control force (Fpro) and instantaneous power
(P), both active (left) and semi-active (right) control strategies.

It can be verified that the power flow is bidirectional with
the active strategy, while always positive in the semi-active
control; furthermore, peaks are two orders of magnitude higher
in the active control, leading to scarce power quality. Similarly,
the PTO force is one order of magnitude higher for the
active control, requiring a more costly PTO. The uni- or
bi-directionality of the power flow is due to the total PTO
damping, which becomes negative in the active strategy, while
always positive in the semi-active control.

The resulting mean power (P), for all wave periods, is
shown in Fig. 5, also highlighting the ratio with respect to
the worst-benchmark case of constant damping control (P,.).
It is readily evident that, for long-period waves, the active
control strategy is able to extract several times more energy
than both the passive and the semi-active controls, even though
no reactive term is explicitly included (as Kpro in the reactive
IM). However, such results are merely a mathematical aberra-
tion due to the simplifying assumptions of the linear model.
In fact, as clearly shown in Fig. 6, the resulting displacement
according to the reactive IM and the active control, for long-
period waves, would easily exceed several tens of meters. This
is not realistic, since the draft of the buoy is just 2.5m, equal
to the radius. Therefore, a constrained optimization is carried
out, whose results are discussed in Sect. IV-B.

), radiation added mass (A) and radiation damping (B).

Active T, = 6s Semi-active T,, = 6s
10
= @ 2
£ 0 20
N N
-10 -2
0 0.5 1 0 0.5 1
t/Tw [-] t/Ty [-]
. 5 . 5
= x 10 =5 x 10
= 2 w
Zi A Z,
20 2
A -1 0
R 0.5 1 2% 0.5 1
/T [-] /T [-]
x108 x10°
z z 2
z° 50
T k-2
0 0.5 1 0 0.5 1
t/ ﬂu [_} t/ Tt [_}
) x10” x10°
o 22
SN S
-1 0
0 0.5 1 0 0.5 1
t/Tw H t/Tw H

Fig. 4: Steady state response to an incoming wave of T,, of
6s, H,, of 3m, without maximum displacement constraint.

B. Constrained optimization

A constrained optimization algorithm is implemented in
order to withstand the requirement of the maximum absolute
displacement to remain below 2.5m, as shown in Fig. 7. The
reactive IM is excluded in this section, since no optimization
is performed, and the displacement does not comply with the
constraint for most of wave periods. Conversely, the constant
damping naturally complies with the constraint. Similarly, the
semi-active control remains below the constraint for all wave
periods, although achieving a larger displacement than the
constant damping.
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Fig. 6: Maximum displacement and PTO force, without max-
imum displacement constraint.
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Fig. 7: Maximum displacement and PTO force, constraining
the maximum displacement to 2.5m.

A representative time trace of the steady state response is
shown in Fig. 8, for a wave of T}, of 6s, H,, of 3m, similarly
to Fig. 4. It can be noted that the PTO force have the same
order of magnitude with active and semi-active strategies;
conversely, the instantaneous power with the active control
has high peaks, much larger than the mean value, realizing
low power quality. Conversely, in the semi-active strategy, the
peak-to-mean ratio is significantly lower.
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Fig. 8: Steady state response to an incoming wave of T, of 6s,
H,, of 3m, constraining the maximum displacement to 2.5m.

Finally, Fig. 9 shows the mean and relative power extraction
for different wave periods. It is worth noting that, at the
natural frequency (73, = T,, = 3.1s), all controllers behave
equivalently; in fact, at resonance, no action is required by the
controller, since the system is already naturally responding at
its best. Overall, it can be noticed that, with the displacement
constraint keeping the predicted response of the device real-
istic, the performance of the semi-active and active control
strategies are similar, several-fold higher than the constant
damping strategy.

V. CONCLUSIONS

This paper proposes the application of an energy-
maximisation control strategy for vibration energy harvester-
s/scavengers to wave energy converters, exploiting similar
working principles at different power generation size. The
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. 9: Mean (P) and relative (P,.) power extracted, constrain-

the maximum displacement to 2.5m.

control strategy, based on time-varying power take-off damp-

ing

parameter at twice the excitation frequency, is shown

effective since it leverages on parametric resonance. Active
(bi-directional power flow) and semi-active (uni-directional
power flow) are both effective, although the semi-active strat-
egy seems to require less complex generator machinery, lower
loads, and ensures higher power quality.

[1]

[2

—

[3]

[4]

[5]
[6]

[7]

[8]

[9]

[10]

[11]

REFERENCES
UN  General Assembly, “Transforming our world the
2030 Agenda for Sustainable Development, 21  October
2015, A/RES/70/1,” Tech. Rep., 2015. [Online]. Available:

https://www.refworld.org/docid/57b6e3e44.html [accessed 2 June 2021]
Q. Zheng, B. Shi, Z. Li, and Z. L. Wang, “Recent Progress on Piezo-
electric and Triboelectric Energy Harvesters in Biomedical Systems,”
Advanced Science, vol. 4, no. 7, p. 1700029, jul 2017.

B. Ji, Z. Chen, S. Chen, B. Zhou, C. Li, and H. Wen, “Joint optimization
for ambient backscatter communication system with energy harvesting
for I0T,” Mechanical Systems and Signal Processing, vol. 135, p.
106412, jan 2020.

F. Guo, H. Hayat, and J. Wang, “Energy harvesting devices for high
voltage transmission line monitoring,” in [EEE Power and Energy
Society General Meeting, 2011.

F. K. Shaikh and S. Zeadally, “Energy harvesting in wireless sensor
networks: A comprehensive review,” pp. 1041-1054, 2016.

Y. Jia, “Review of nonlinear vibration energy harvesting: Duffing,
bistability, parametric, stochastic and others,” Journal of Intelligent
Material Systems and Structures, vol. 31, no. 7, pp. 921-944, 2020.
D. Liu, Y. Wu, Y. Xu, and J. Li, “Stochastic response of bistable
vibration energy harvesting system subject to filtered Gaussian white
noise,” Mechanical Systems and Signal Processing, vol. 130, pp. 201-
212, sep 2019.

A. Bahrami and M. Tayarani, “Chaotic Behavior of Duffing Energy
Harvester,” Energy Harvesting and Systems, vol. 5, no. 3-4, pp. 67-71,
sep 2018.

C. R. MclInnes, D. G. Gorman, and M. P. Cartmell, “Enhanced vibra-
tional energy harvesting using nonlinear stochastic resonance,” Journal
of Sound and Vibration, vol. 318, no. 4-5, pp. 655-662, dec 2008.

G. Giorgi, R. P. F. Gomes, G. Bracco, and G. Mattiazzo, “Numerical
investigation of parametric resonance due to hydrodynamic coupling in
a realistic wave energy converter,” Nonlinear Dynamics, 2020.

J. T. Scruggs, “An optimal stochastic control theory for distributed
energy harvesting networks,” Journal of Sound and Vibration, vol. 320,
no. 4-5, pp. 707-725, mar 2009.

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

I. L. Cassidy and J. T. Scruggs, “Nonlinear stochastic controllers for
power-flow-constrained vibratory energy harvesters,” Journal of Sound
and Vibration, vol. 332, no. 13, pp. 3134-3147, jun 2013.

A. M. Wickenheiser and E. Garcia, “Power Optimization of Vibration
Energy Harvesters Utilizing Passive and Active Circuits,” Journal of
Intelligent Material Systems and Structures, vol. 21, no. 13, pp. 1343—
1361, sep 2010.

M. Scapolan, M. G. Tehrani, and E. Bonisoli, “Energy harvesting using
parametric resonant system due to time-varying damping,” Mechanical
Systems and Signal Processing, vol. 79, pp. 149-165, 2016.

R. A. Rojas and A. Carcaterra, “An approach to optimal semi-active
control of vibration energy harvesting based on MEMS,” Mechanical
Systems and Signal Processing, vol. 107, pp. 291-316, jul 2018.

F. Di Monaco, M. Ghandchi Tehrani, S. J. Elliott, E. Bonisoli, and
S. Tornincasa, “Energy harvesting using semi-active control,” Journal
of Sound and Vibration, vol. 332, no. 23, pp. 6033-6043, 2013.

G. Giorgi, R. P. Gomes, J. C. Henriques, L. M. Gato, G. Bracco, and
G. Mattiazzo, “Detecting parametric resonance in a floating oscillating
water column device for wave energy conversion: Numerical simulations
and validation with physical model tests,” Applied Energy, vol. 276, oct
2020.

S. A. Sirigu, L. Foglietta, G. Giorgi, M. Bonfanti, G. Cervelli, G. Bracco,
and G. Mattiazzo, “Techno-Economic Optimisation for a Wave Energy
Converter via Genetic Algorithm,” Journal of Marine Science and
Engineering, vol. 8, no. 482, 2020.

D. Garcia-Violini, N. Faedo, F. Jaramillo-Lopez, and J. V. Ringwood,
“Simple controllers for wave energy devices compared,” Journal of
Marine Science and Engineering, vol. 8, no. 10, pp. 1-30, 2020.

M. Fontana, P. Casalone, S. A. Sirigu, and G. Giorgi, “Viscous Damping
Identification for a Wave Energy Converter Using CFD-URANS Sim-
ulations,” Journal of Marine Science and Engineering, vol. 8, no. 355,
pp. 1-26, 2020.

B. Paduano, G. Giorgi, R. P. F. Gomes, E. Pasta, J. C. C. Henriques,
L. M. C. Gato, and G. Mattiazzo, “Experimental Validation and Compar-
ison of Numerical Models for the Mooring System of a Floating Wave
Energy Converter,” Journal of Marine Science and Engineering, vol. 8,
no. 8, p. 565, 2020.

S. A. Sirigu, M. Bonfanti, E. Begovic, C. Bertorello, P. Dafnakis,
G. Giorgi, G. Bracco, and G. Mattiazzo, “Experimental Investigation of
Mooring System on a Wave Energy Converter in Operating and Extreme
Wave Conditions,” Journal of Marine Science and Engineering, vol. 8,
no. 180, pp. 1-31, 2020.

G. Giorgi, J. Davidson, G. Habib, G. Bracco, G. Mattiazzo, and
T. Kalmar-nagy, “Nonlinear Dynamic and Kinematic Model of a Spar-
Buoy : Parametric Resonance and Yaw Numerical Instability,” Journal
of Marine Science and Engineering, vol. 8, no. 504, pp. 1-17, 2020.
N. Faedo, F. J. Dores Piuma, G. Giorgi, and J. V. Ringwood, “Nonlinear
model reduction for wave energy systems: a moment-matching-based
approach,” Nonlinear Dynamics, pp. 1-23, oct 2020.

J. V. Ringwood, G. Bacelli, and F. Fusco, “Energy-Maximizing Control
of Wave-Energy Converters,” IEEE Control Systems Magazine, no.
October, 2014.

G. Giorgi, “PARAMETRIC RESONANCE EXPLOITATION DUE
TO PERIODIC DAMPING IN AN ELECTROMECHANICAL EN-
ERGY HARVESTER,” International Journal of Mechanics and Control,
vol. 22, no. 01, pp. 77-85, 2021.

G. Giorgi and N. Faedo, “Performance enhancement of a vibration
energy harvester via harmonic time-varying damping: A pseudospectral-
based approach,” Mechanical Systems and Signal Processing, vol. 165,
p. 108331, feb 2022.


https://www.researchgate.net/publication/356128896

