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Numerical Benchmarking of selected
Efficiency-Aware Reactive Control Strategies
on the InfinityWEC Wave Energy Converter

Ahmed Rashid, Mikael Sidenmark

Abstract—Reactive control has been shown to be the
optimal control strategy for a point absorbing wave energy
converter (WEC), in terms of achieving the highest power
capture. However, in the simplest form, such control sets
the WEC in a resonant state with the wave frequency, which
requires reciprocating power flows with very high peak
power, large force, high velocity and long stroke length
to be provided by the power take-off (PTO). This makes
it difficult to find a practical, efficient and economically
viable solution to provide this type of control.

The main objective of this paper is to present a time-
efficient numerical simulation model and performance
analysis of the novel InfinityWEC, developed by Ocean
Harvesting Technologies AB. The PTO of the WEC com-
prises of a ballscrew actuator system and a flywheel-based
Kinetic Energy Recovery System (KERS) with capabilities
to provide advanced reactive control, which introduces
PTO losses and constraints for maximum velocity, force
and stroke length in its design to mitigate the mentioned
drawbacks of conventional reactive control.

In order to make the simulation model time efficient,
the hull geometry of the InfinityWEC has first of all
been simplified to a cylinder with the same width, mass
and volume of the actual hull. A nonlinear model of the
cylinder in heave mode, which is the most important degree
of freedom (DoF) for a point absorbing device, is then
derived and implemented. The performance of the system
is finally analyzed by comparing three different efficiency-
aware reactive control strategies with the objective of
maximizing export power while considering constraints for
maximum allowed PTO force, velocity, stroke length and
limited hull volume.

The control strategies, analyzed in this report, are linear
reactive control (LRC), “polynomial” reactive control (PRC)
and nonlinear model predictive control (NMPC). LRC and
PRC are passive control techniques, whose coefficients are
optimally-tuned for each sea state using an optimization
algorithm. LRC is studied extensively in the wave power
literature and serves as the reference case in the study. PRC
is novel to authors knowledge and can be considered as a
higher-order extension that gives extra degree of flexibility
to LRC with the objective to improve performance and
constraint-handling capability. NMPC is an active control
strategy, which optimizes the PTO force and buoy motion
at each time instant by knowing the incoming wave a few
seconds in advance.

Annual simulations are run with the three control strate-
gies in a selected sea site and results are analyzed in
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terms of performance, load case and constraint-handling
capability.

Index Terms—wave power, power take-off, flywheel
storage, kinetic energy recovery system, efficiency-aware
control, nonlinear model predictive control, polynomial
control, reactive control, InfinityWEC

I. INTRODUCTION

AVE power represents an enormous exploitable

energy resource estimated to 29,500 TWh/yr,
[1], which is close to 50% more than the current global
electricity generation. Wave energy devices has been
studied extensively since the 70’s and a large number
of concepts have been proposed and tested. However,
due to the multidisciplinary complex nature of de-
veloping an economically viable solution to harvest

'.
Fig. 1. InfinityWEC wave energy converter.
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this resource, the potential of wave energy remains
untapped. The main reason for the lack of exploitation
of the wave energy resource is due to the random and
highly variable motion of ocean waves, which imposes
the following challenges: 1) fatigue and wear due to
the extremely high number of load cycles, 2) input
power with high peak-to-average ratio to the PTO, 3)
high peak force, velocity and stroke length in the PTO,
4) survival in extreme weather without violating the
constraints of the PTO. This in turn implies oversizing
of machine components with sufficient safety design
factors to withstand the fatigue from continuous cyclic
motion over the design life time of the device, to
manage the peaks in the input power, to provide the
required peak PTO force, velocity and stroke length,
and to survive in extreme weather conditions. The
high peak-to-average power and high PTO force cause
high capital expenditure of the system, low utilization
of components and poor quality with high intermit-
tency of the generated electricity. In order to decrease
the cost and increase the utilization of the system of
electrical infrastructure, and also to meet grid quality
requirements, it is crucial that the power is smoothed
efficiently with some form of energy storage before
power is exported from the WEC. It is furthermore
essential that the energy storage is integrated in the
power take-off system in a way that does not com-
promise the power capture performance of the wave
energy converter, i.e. without preventing force control
capability of the device.

InfinityWEC wave energy converter, depicted in Fig.
1, is a novel system that has been designed to meet
the outlined challenges, to provide an economically
viable wave energy converter. The PTO system of the
InfinityWEC uses ballscrew actuators and a flywheel-
based Kinetic Energy Recovery System (KERS), which
provides the necessary capability to provide advanced
reactive force control as well as smoothing of the
captured power to a nearly constant power output. The
system is furthermore very light and efficient relative
to the combination of high cycles, force, power, velocity
and stroke length, it is designed for.

II. BACKGROUND

OHT was founded in 2007 in Karlskrona to develop
wave power technology. R&D has been focused on
energy storage integration in the power take-off to
smooth captured power and to improve the power
capture performance. OHT’s wave energy technology
development has evolved through different technolog-
ical approaches over the last 10 years. The initial WEC
concept with winch actuator and on-board gravity-
based storage for power-smoothing from each WEC
(Fig. 2a) has been developed over the years to a system
with hydraulic collection of power and central gravity-
based storage to provide array level power smoothing
and grid frequency regulation (Fig. 2b).

In 2017, OHT saw the recent development in electric
vehicles, electric motors and power electronics and
realized the opportunity of using the KERS (Kinetic
Energy Recovery System) technology from the auto-
motive industry to provide smooth controllable output

(a) Initial WEC concept with winch actuator and on-board grav-
ity storage (2008-2012)

(b) System with hydraulic collection of power and central gravity
storage (2013-2016)

(c) InfinityWEC wave energy converter with ballscrew actuator
and on-board flywheel storage (2017-)

Fig. 2. Wave energy solutions, developed by OHT over the years.

1586-2



RASHID et al.: NUMERICAL BENCHMARKING OF SELECTED EFFICIENCY-AWARE REACTIVE CONTROL STRATEGIES ON THE INFINITYWEC WAVE

ENERGY CONVERTER

power and PTO force control. This led to the develop-
ment of the InfinityWEC technology (Fig. 2c).

The InfinityWEC utilizes a novel direct-drive me-
chanical PTO technology that comprises of a modular
ballscrew actuation system, frameless torque gener-
ators, a lead screw level adjustment system, and a
novel hubless outer-ring flywheel unit, developed by
Teraloop. The PTO is held in a fixed vertical position by
the mooring system while the non-rotating ballscrews
are pushed up and down through the PTO platform
when the buoy is set in motion by the waves. The
lead screw connects the PTO platform to the mooring
system and is used to adjust the height of the PTO for
tidal variations and to submerge the WEC to secure
survival in storm conditions. A riser pipe from the oil
& gas sector is used as mooring tether, an arrangement
which provides a protected route for the power and
communication cables inside the pipe and minimizes
the bending of these cables, an issue with suspending
dynamic cables from the hull in other WECs.

The ball nuts are integrated to the so-called frameless
torque motors that are characterized with extremely
high-torque density, as the name implies. The stators
of the electric motors are connected electrically to the
flywheel energy storage and to the export cables. The
power flow through the system is managed by the
power inverters. The number of drive units, compris-
ing of a ballscrew, a generator and an power inverter,
can be configured depending on the load requirements
of the device. Fig. 3 shows a schematic of the electric
KERS technology with four drive units, embodied in
the InfinityWEC.

GRID /
LOAD

DC DC
AC AC

DC DC DC DC
AC AC AC AC

D &

Fig. 3. Schematics of electrical KERS system with four drive units,
comprising of integrated ballscrew-motor and frequency inverter

The working principle of the KERS technology, uti-
lized by the Infinity WEC PTO is straightforward. Sim-
ilar to an electric motor is used to brake a vehicle,
generating and storing energy in the car battery for
later use, the PTO of the InfinityWEC uses a flywheel
storage system to store excessive energy to deliver both
smooth controllable output power and the necessary
reverse power for reactive control and pretension. In
this way, KERS enables a full flexibility for the control

system to optimize and apply reactive PTO force with
the main objectives to: (i) maximize output power con-
sidering losses, (ii) limit buoy motion and prevent hard
end-stops, (iii) limit PTO force, stroke-length, velocity
and power to optimized design values to reduce cost.
This type of control can be provided without prediction
of wave input, but knowing the incoming wave motion
a few seconds in advance makes it possible for the
control system to better optimize the PTO force to
achieve the control objectives with higher precision and
higher annual output.

The design requirements for energy storage in the In-
finityWEC are extremely demanding and the flywheel
storage solution, offered by Teraloop, is identified to
be the only technology that can meet them thanks
to its unique design. Teraloop comprises of a thin
outer ring flywheel rotor with permanent magnets
integrated with the motor/generator rotor, which is
located around the ballscrew assembly in InfinityWEC.
The rotor is fully levitated by a magnetic levitation
system using a combination of passive permanent mag-
net levitation and active electromagnetic stabilization.
This hub-less rotor design without mechanical bearings
eliminates both wear and fatigue issues and provides
virtually unlimited cycle life time. The wide diameter
enables high power rating and large storage capacity
per unit mass of the device. The size of Teraloop’s
flywheel can effectively be increased to provide enough
storage capacity to participate in the ancillary services
market, thus, providing a possibility to increase rev-
enues from the WECs.

III. SYSTEM DESCRIPTION
A. Buoy and power take-off

In order to make the simulation model time efficient,
the hull geometry of the InfinityWEC has first of all
been simplified to a cylinder with the same width,
mass and volume. The hydrodynamic behaviour of
the real geometry is expected to be very similar to a
cylinder since the waterline will oscillate mainly at the
widest part of the real hull. A cylindrical buoy has also
been studied extensively in the wave power literature
[2], thus, allowing the obtained results from this study
to be related to previous works.

The physical and geometric parameters of the cylin-
drical buoy are summarized in Table L

TABLE I
PHYSICAL AND GEOMETRICAL PROPERTIES OF THE STUDIED
CYLINDRICAL BUOY

Symbol Quantity Value Unit
dy Buoy diameter 15.0 m
hy, Buoy height 2.55 m
Awp Water-plane area  176.7 m?
W Buoy volume 450.0 m3
my, Buoy mass 74.0 ton

In this study, a detailed dynamic model of the
machinery inside the buoy is omitted. However, the
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losses in the power take-off are accounted by using
the nominal efficiency values of the main drivetrain
components of the Infinity WEC wave energy converter,
which are summarized in Table II. These efficiency
values are obtained from the suppliers of each com-
ponent. In general, the efficiency of electric motors
and inverters are not constant and will reduce mainly
at low speed. To model losses more accurately, loss
maps, expressing the efficiency of each component as
a function of e.g. speed/voltage and torque/current
needs to be included in the simulation. This data was
not available on all components at the time of the
study, which is why the simpler approach has been
used. It can be expected that losses will be slightly
higher when the efficiency of all electric components
are modelled dynamically with loss maps. On the other
hand, Coulomb friction has the highest contribution
to the overall losses in mechanical actuators, thus,
utilizing a constant efficiency model for the ballscrew
leads to a sufficiently accurate approximation of the
mechanical losses of the actuator.

TABLE 1I
EFFICIENCY OF DRIVETRAIN COMPONENTS

Component Efficiency
Ballscrew Mechanical 95%
Ballscrew Generator 96%
Ballscrew Inverter 98%
Flywheel Inverter 98%
Flywheel Motor 96%
Output Inverter 98%

In this study, the physical constraints of the power
take-off, such as maximum stroke length, tether force
and velocity, and physical constraints of the hull, such
as volume or height, are also considered. Their values
are chosen according to the constraints of the Infinity-
WEC device and are summarized in table III.

TABLE III
SYSTEM CONSTRAINTS

Symbol Quantity Value Unit
e Max stroke length 5.0 m
Fnar Max tether force 3.0 MN
v Max buoy velocity 2.0 m/s
hyre® Max buoy height 2.55 m

B. Environmental conditions

The Yeu island located in France is chosen to be the
site of this study since it has been extensively used as
a benchmark site in the wave energy literature ( [2]-
[4]). The sea bottom at the site location is assumed to be
flat with constant water depth of 50 meters. The waves
are assumed to be unidirectional. The wave scatter dia-
gram of the site is shown in Fig. 4. The wave resource
at Yeu is 25.5 kW/m wave front annually, which is

Probability (%)

Fig. 4. Wave scatter in Yeu island site, France, [3].

considered to be a relatively mild wave resource. It
should be noted that the InfinityWEC is designed for
stronger wave climate with higher annual output.

IV. HYDRODYNAMIC MODEL

This section presents the hydrodynamic model of a
generic wave energy converter. The derivation starts
with a 6 DoF model, which is later reduced to 1
DoF model in heave to enable numerically-efficient
simulation of the system. The hydrodynamic model in
heave is further linearized for controller synthesis.

C. 6 DoF model

The force balance on a floating wave energy con-
verter can be formulated as

MX(t) = Fe + Fr 4+ Fps + Far + Fg + Fpeo (1)

where x(t) = [z(t) y(t) z(t) 0,(t) 0,(¢) oz(t)]T € RO,
is the state vector with entries respective translational
displacement in surge, sway and heave and rotational
displacement in roll, pitch and yaw, M € R%*¢ is
the mass matrix, Fo € R5*! is the wave excitation
force, F, € R%%! is the radiation force, Fq, € R6*!
is the drag force, Fps € R6*! is the hydrostatic force,
F, € R6*! is the gravity force, and Fpto € R6*! is the
machinery force from the power take-off. It should be
noted that the time-dependence of all force terms in
(1) is not explicitly shown. This is a convention, that is
used throughout the report, to improve readability of
equations.

The irregular excitation force can be pre-calculated
based on hydrodynamic parameters and wave eleva-
tion prior to a numerical simulation. The wave ele-
vation of an irregular wave can be represented as a
linear superposition of N regular wave components
with different amplitude, frequency and phase, i.e.

N
n(x,t) =Y aicos(wit — kil(z,y) + ¢) 2

i=1
where ¢ is time, £{(z,y) position along the wave’s
direction of travel, ¢, are random phases uniformly dis-
tributed between 0 and 27, w; are angular frequencies,
k; are wavenumbers and a; are random amplitudes,
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which are taken to be Rayleigh distributed with mean
square value
Ela?] = 28(w)Aw; 3)

where S(w) is the wave spectrum and Aw; is the
frequency step between two frequency components.
The amplitudes can be approximately computed as

25 (w)Aw; 4

a; ~

The wave spectrum is usually represented by different
empirical expressions as a function of the significant
wave height, H;, and peak wave period, 7).

Let us denote each wave component as 7; and say
that each wave component is the real part of the
complex-valued signal 7, i.e.

ni =R [ne;] =R [aiewit_kig(m’y)w"] )

The linear irregular wave excitation force is then de-
fined as

FlL=%»

N
Z H, (wi)nein/28 (Wi)Awi‘| (6)
i=1
where Hy(w) € C%%¢ is a complex-valued excitation
force coefficient that is dependent on the buoy geom-
etry. The excitation force in (6) is calculated around
the mean water level, therefore, it does not account
for the instantaneous submergence of the buoy, i.e. it
is a linearized representation of the actual excitation
force around the mean wetted surface. However, it
incorporates the forces inserted by the undisturbed
incident flow potential and the diffraction potential, i.e.

F,=F;+Fp @)

When the instantaneous wetted surface is considered,
the incident wave force, the diffracted wave force
and the radiated wave force are calculated separately.
For a general hull geometry the nonlinear incident
wave force, the nonlinear diffracted wave force and
the radiated wave force are calculated by computing
respectively the surface integral of the pressure due to
undisturbed incident wave potential, P;(t),

FM = — ¢p Pr(t) - ndS, (8)
S(t)

the surface integral of the pressure due to the diffracted
wave potential, Pp(t),

Fo = — # Pp(t) - ndS, )
S(t)

and the surface integral of the pressure due to the
radiated wave potential, Pr(t),

Fal = — # Pg(t) - ndS (10)

5(t)

over the instantaneous wetted surface, S(t). The sur-
face integral in (8), (9) and (10) can be numerically
computed by discretizing the surface of the body with
a finite mesh and summing up the forces acting on the
area of each panel.

The linear incident wave force, F}, can be found from
the nonlinear incident wave force equation simply by
assuming the translational and rotational displacement
of the buoy to be 0. Since the linear incident wave force
does not depend on the displacement of the buoy, it can
be pre-computed prior to a simulation.

In [5], it is shown that the nonlinear diffraction and
radiation and forces, i.e. the radiation and diffraction
forces due to the instantaneous wetted surface, have
minor effects on the system dynamics. However, the
diffraction force (and the other hydrodynamic forces)
needs to be set to 0, when the buoy goes out of the
water.

The linear diffraction force or simply the diffraction
force, Fp, can be calculated through the diffraction IREF,
Kp,

Fp=— /jo Kp(t —7)n(r)dr (11)

If the diffraction IRF is not available, one can calcu-
late the nonlinear excitation force as

F.=F!M _Fl 4+ F! (12)

The linear radiation force or simply the radiation
force,F,, comprises of an inertia and a damping term
and is given as

Fp = =M (w)X(t) — Re(w)%(t) (13)

where M, (w) € R®*6 and R, (w) € R5*6 are the added
mass and radiation damping matrices, respectively,
that are dependent on the wave frequency. Cummins
[6] showed that the radiation force in (13) could be
modelled in time domain as

F, = —M,(c0)%(t) — /0 K. (t— 7)%(r)dr, (14

where M, (0) € R%*6 is the added mass matrix at
infinity frequency and K, € R®*® is the radiation
impulse response function. The convolution integral
in (14) is computationally expensive, therefore a state-
space approximation with n, number of states is used
when dealing with numerical simulations. It can be
written as

%o (t) = Apxe(t) + Box(t), x.(0) =0

/ ! . . (15)
K, (t — 7)%x(t)dr = C;x,(t) + Dy %(¢),

where x, € R X! is the radiation state vector A, €
R™>nr, B, € R™X6, C, € R6*", D, € RO*C are
the time-invariant state, input, output and feedthrough
matrices. The system order and the state-space matri-
ces can be found using realization theory, which was
proposed by Kung, [7].

The hydrostatic force is equal to the surface integral

of the static pressure, P, = —pgz(t), over the instanta-
neous wetted surface, S(t), i.e.
Fps = — # Py (t) - ndS (16)
S(t)

The surface integral in (16) can be numerically solved
by discretizing the surface of the body with a fine
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mesh and summing up the forces acting on the area
of each panel. It can also be analytically reformulated,
as described in [8],

Fre = pg (Veus(t) — Aup(Bn() k  (17)

where V,;(t) is the submerged buoy volume, A,,,(t) is
the water plane area and k is the vertical unity vector.
It must be noted that Fy¢ is a 6 DoF vector with the
last three entries equal to 0, and throughout the text,
expressions with unit vectors implies a 6 DoF vector,
instead of 3 DoF, with the last three entries equal to 0.

The drag force is proportional to the square of the
buoy velocity and it is given as

Far = —5pCala (£(1) = V() [(6) = Ve(0)]  (18)

where Cq € R6%% is a diagonal matrix with discharge
coefficients, Aq € RY*% is another diagonal matrix
with characteristic areas and V¢(t) is the fluid particle
velocity at the position of the centre of mass of the
buoy. It should be noted that drag is defined for trans-
lational motion only, but in order to keep all vectors
and matrices in 6 DoF, the entries that refer to the
rotational states are assigned to 0. The drag coefficient
matrix can be obtained by the use of computational
fluid dynamic simulations, experimental data and for
simple shapes - from handbooks or technical reports.
The gravity force acts in heave and it is constant,

Fg = —mygk (19)

The PTO force depends on the type of power take-off
and applied control strategy. It is controlled to increase
the power capture performance of the buoy. The PTO
force will be described in subsequent sections.

In this report, we omit the effect of the mooring loads
on the hydrodynamics of the buoy.

D. Heave dynamics

The 6 DoF hydrodynamic model is numerically in-
efficient due to the high number of states when used
in the synthesis of a model predictive control, which is
one of the studied control strategies. Since heave is the
most important degree of freedom for a point absorber
type device, the nonlinear hydrodynamic model only
in heave is used to simulate buoy hydrodynamics in
this study. Moreover, in order to reduce the complexity
of the model predictive control a linearized heave
model is derived to be used in the controller design.
Since the model is a linearized description of the
system, it does not account for the instantaneous sub-
mergence of the buoy when calculating the excitation
force and other hydrodynamic forces. Therefore, this
implies that there will be a mismatch between the plant
model and the model that resides inside the controller,
when performing the simulations.

The linearized heave model is derived by linearizing
the buoy around an operating point, which is chosen
to be the center of the buoy. It yields

mi(t) = F.+ Fj, + F/ + Fi, + Fpo + Fy
%o (t) = Arxe(t) + Bpa(t) (20)
F! = Coxy(t) + Dy (t)

where m is the sum of the buoy mass, m;, and the
added mass at infinity frequency, m«. The linearized
hydrostatic force is equal to

Fl, = pg(Vo — Aoz(t)) (21)

where V, and A are respectively the constant sub-
merged volume and constant water plane area of the
buoy at the linearization point.

Due to the fact that the expression for the drag
force in (18) is non-smooth at 2(t) — 2, () = 0, it is
not possible to linearize it. However, a linear curve
can be constructed that minimizes the error between
the actual and the linear curve. For the purpose, the
Morison drag linearization technique (see [9]) can be
used. It yields

1 ) ) )
Fcér = *ipcdaAzrms (2(t) — 2w (1)), (22)

where « is a factor, that is derived to be 4/8/7 in
[9], and Az, is the root-mean-square (RMS) of the
relative velocity. The RMS of the relative velocity equal
to AZms = 0.6m/s is found to give sufficiently good
approximation in all sea-states.

By rearranging (20), the heave dynamics can be
written in state-space form with n =n, + 2,

x(t) = Ax(t) + Bu(t) + Byw(t)

23
y(t) = Cx(t) + Du(t) (@3)
where
. T
x(t) = [z(t) z(t) x:T(t)]
0 1 01><7LT
A_ | P9Ao 1o 14
m m r r
On,.xl Br Ar
T
BBWF e 4
m
C = [I2><2 02><n,,]
D — 02><1
u(t) = Fpto

1
’LU(t) = F(’ + ngO — mMpg + ipcdaAérmséw (t)

Note that w(¢) is considered as the disturbance turn
and it is precomputed prior to simulation. The state-
space model of the linearized heave hydrodynamics in
(23) is used for the synthesis of the model predictive
control.

V. PTO FORCE CONTROL

In this study, three PTO force control strategies are
investigated, namely Linear Reactive Control (LRC),
Polynomial Reactive Control (PRC) and Nonlinear
Model Predictive Control (NMPC). All control strate-
gies have the objective to maximize average export
power by considering drivetrain efficiency and con-
straints. The first two control strategies, LRC and PRC,
are non-predictive, i.e. they do not require preview
of the wave elevation or wave excitation force. They
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incorporate control parameters/features which are op-
timized for each sea state by using the numerical model
of the system. Let us define the feature vector to be p.
Hence, the optimization problem is formulated as

mli;ax pout(pa X(t), nptoa w(t))

s.t. %(t) = f(p,x(t), w(t)), (24)
c(p,x(t),w(t)) <0

where 1, is the PTO efficiency. Note that the first term
x(t)=£(.) expressed the system dynamics as an equal-
ity constraint and the second term c(p, x(t), w(t)) < 0
is a generic notation for expressing inequality con-
straints. We can include the inequality constraint in the
objective function using an exterior penalty function
g(c(.)). It yields

max  Pout(P,X(1); tpto w(t)) — 0”& (c(p, x(1), w(1)))

s. t. x(t) =f(p,x(t), w(t)),

(25)
where ¢ is a penalty coefficient vector. A candidate for
a penalty function can be any function that evaluates
to 0, if its argument is negative, and to a positive non-
decreasing function, if its argument is positive. One
such function is the one-sided quadratic function,

g(c(.)) = min(0,¢(.)"c(.)), (26)

which is also the one that is used in this study to
optimize the feature vectors of LRC and PRC. A simple
gradient-based algorithm is implemented in Matlab to
solve (25). It is a well-known fact that gradient-based
algorithms may lead to a local optimum, instead of a
global one, when dealing with non-convex optimiza-
tion problems, which is the one in (25) due to the
nonlinearities in the system dynamics and the objective
function. However, if the algorithm is initialized with
values that are close to the global optimum solution,
the chances of finding the global optimum are high,
if the nonlinearity is not that hard. In fact global
optimization algorithms are used in conjunction with
local optimization algorithms to determine set of initial
values for local optimization algorithms. In our case,
we will not find optimal parameters in one sea state,
but rather to a whole scatter of sea states. Therefore,
the optimal value of the neighbouring sea states can be
used to initialize the algorithm for any given sea states,
assuming that the optimal values of the neighbours are
close to the optimum at that sea state, which is true
in our case. Therefore, by knowing the optimal values
in one sea state, optimal values can be found for the
whole scatter with a gradient-based algorithm.

The third control strategy is NMPC, which optimizes
the PTO force directly, and not the coefficients of the
PTO force as with LRC and PRC, by knowing the
incoming wave a few seconds in advance.

The following subsections present the three control
strategies in more detail.

E. Linear Reactive Control

Since the very beginning of wave power research,
it is a well-known fact that in order to have opti-
mal power absorption, the applied machinery force

through the power take-off must comprise of two
terms: one that results in reactive power flow and
second one that results in an active power transfer. This
can simply be achieved by a PTO force that contains a
linear spring and a damper term. When motion only in
heave is considered, the LRC control law is expressed
as

Fpo = —Kpz(t) — Ky 2(t) + C (27)

where K, and K, are respectively PTO spring and
damping coefficients, and C is a constant force term
to provide pretension. Since InfinityWEC provides the
pretension force through the main drivetrain, i.e. with-
out external means such as springs, the constant force
term C appears in the total PTO force. The optimal
linear PTO spring and damping coefficients can easily
be found analytically assuming a linear hydrodynamic
buoy model, [10]. However, when the nonlinear force
terms and system constraints are considered, the only
viable way to find the optimal coefficients is numeri-
cally. The gradient-based algorithm is used to solve the
optimization problem in (25) with feature/parameter
vector

p=[K, K, C]". (28)

E. Polynomial Reactive Control

PRC can be considered as a higher-order extension of
the LRC. The justification for the use of higher-order
terms comes from the fact that LRC either amplifies
the buoy motion to an extend that system constraints
are not satisfied, which makes the implementation of it
impractical, or over-dampens the system to satisfy con-
straints, which causes non-optimal performance. PRC
solves the problems of LRC by detuning the reactive
force component at higher buoy displacements, thus
preventing or minimizing violation of constraints and
improving power capture. PRC can be defined math-
ematically as linear superposition of simple power
functions, known also as eigenfunctions, of the position
and velocity of the buoy. In the case when only heave
motion is considered, the PTO force is

Foto =Fp + F, +C,
Fp = — Zaizi(t), F’u = — ijzj(t) (29)
i=1

where a; and b; are respectively the polynomial spring
and damping coefficients, which can be optimally
found by a numerical optimization algorithm, and C
is again constant force term for pretension. Due to the
fact that the PTO force must be odd symmetric around
C, the coefficients with even index can be assigned to
0. The feature vector for polynomial control is
p=1[aT b7 C]" (30)
where a and b are vectors respectively with polynomial
spring and damping coefficients. It is important to note
that the scale of the coefficients is different depending
on the power. For example, coefficients in front of
higher order terms are lower scale than the coefficients
in front of lower order terms. The coefficients must
be scaled up or down depending on the order to
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have equal scales, which is crucial for the satisfactory
operation of the optimization algorithm.

As a side note, generally, linear superposiiton of
any eigenfunction, for instance exponentials, can be
assigned to the PTO force, to form a different reactive
control law.

G. Nonlinear Model Predictive Control

This section describes the mathematical design of a
model predictive controller using the linearized model
of a wave energy converter. We start by discretizing
the linear heave model, derived in (23). It yields,

x(k+ 1) = Agx(k) + Bau(k) + Bwaw(k) 31)
y(k) = Cax(k) + Dqu(k)
where Agq € R"*", Bq € R"*!, Cq € R?*" and Dy €
R'*1 are discrete state-space matrices.

The objective is initially defined as direct maximiza-
tion of the average input power over a period of T’
seconds. Since optimization algorithms are generally
solved as minimization problems, we can define the
objective function as minimization of the negative cap-
tured power. In discrete time, it is expressed as

TN—l,M—l
min —-P== v(k +ilk)u(k + jlk), (32
mir Ti:%::o( [k)u(k +jlk),  (32)

where T, is the sampling interval, N and M are
respectively the prediction and control horizon, v is
the discretized buoy velocity and var(.|k) notation is
used to indicate that the variable is predicted, i.e. not
the measured. At the current time instant ¢y = k7 the
states of the system are measured, hence z(k|k) = z(k).
In order to have only variables that can be optimized in
the objective function, i.e. not measured, we augment
the objective function as

_ T, . .
P=-2 o(k+1+ilkyu(k + k),  (33)

In order to have more design freedom, the objective
function is defined in a more general fashion by adding
quadratic terms on the outputs and inputs. The sys-
tem equations are represented as equality constraints
and, moreover, inequality constraints on the states and
inputs of the system are added. The main design
constraints for the PTO in a generic WEC are stroke
length, velocity, submerged volume, tether force and
rate of change of tether force. For a cylindrical-shaped
buoy, the constraint on the submerged volume can
be simplified to a constraint on the relative difference
between wave elevation and wave position, i.e. the
submergence of the buoy, due to the constant water-
plane area.

The minimization problem is formulated in matrix
notation as

min

1 T A 1 TH TQ
Join - SYIQY, + SUIRUL + Y( S, Uy

s.t. Xp=Ax; +BU, +B,W,
Y. = ka + DUk
Ymin S Y ; S Ym x
o 2 (34)
AZmim S Ska - Zwk S AZmax
Umin S Uk S Umax
AIjmin S GAuUk + gAulk—1 S AUmax
where
Y = [y (k+1]k) y" (Nk)
Xy, = [xT(k+1]k) xT(N|k)
Uy = [u” (k[k) uT(M — 1[k)
Wi = [wT (k|k) wT (N = 1[k)
Zuwr = [20 (KIF) Z(N = 1[k)]
T
len = [yminT yminT]
T
Ymax = [YmaxT ymaxT]
AZpin = [A2T, AT 1T
AZpax = [A2h,y o A2h,]"
Umin = [u;l;un u%zn]T
T
Umax = [ug;mac u?nax]
AUmln = [Auz;nn Au%in]T
AUpax = [AuD,, ... AdL, 10
Q=1"0Q Q= diag(g, q)
R =rIM
s,=[0 11" s,=[t o
oS, ,ifM=N
S, ={ [IM®S,
SOV M < N
Sy
0 0 S,
SNM _ | :
0 0 S,
S, =1"®S,
A— [AdT Ag2" AT
I Bg 0 0
A4Bgy By 0
_ Ad]\/fled Ad]WfZBd Bd
B= M M-1
Agq" Bg Ay Bg (Ad + I)B
AdVT'Ba AV By S A4'Bg
L =0
[ Bwa 0 0
_ AaBwa Bwa 0
| Adq N- 1de AdN72de Buwa
C=1"®Cq
D=I" @ Dq4

0
o
-1

0]
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1 0 0

-1 1 0
GAu:

0 o —1 1

gp — quadratic penalty of position
¢v — quadratic penalty of velocity
r — quadratic penalty of input force

Substituting the equality constraints in the objective
functions in (34), yields

1
min ~U'HU, + /U
U, 2 FTTRTR TR (35)
s. t. GUkShk

where ~ ~ ~
H=G," (QGy+S,) +R
G,=CB+D
f, = WL (QGy +8Sy)
Wi = C(Axp + BuW,)
[ G"y i [ Ymax - \K_]k ]
_—Gy _Ymir_l +_Wk
S_}j;Tc;y AZtnax - S_gTVYk + Zw
G = _Iipx(]\iy hy = —AZmin I‘;nsl:xwk —Zy,
—IMXM *Umin
GAu AUmax — 8Aulk—1
—Gau L _AUmin + 8Aulk—1

If the constraints that are enforced on the system are
too strict, the optimization algorithm might fail to find
an optimal solution in the feasible set. At such scenario
the optimization will not give any control input, i.e.
the system will run in open loop. Therefore, we need
to find a way to handle these situations. One of the
most common ways is softening the constraints by in-
troducing slack variables in the optimization problem.
We define the new control problem as

min

1o s 1o _
- YI'QY, + =UI'RU, + YIS, U
Yk, Uk, €L 2 k Q k + 2 k k + k k

1
+ gefPek + pTe;c
s. t. X = Axk + BUk + wak
Y, = ka + f)[I],c
Yk < Ymax + Vymax €y

—Yr < —Ymin + Vy,.6y
SIYi € AZmax + Vazmaaz + Zwy
—8) Yk € ~Zumin + Vazmeaz — Zwk (36)
Ui < Umax + Vu,. €u

—Ur < —Umin + Vugia€u

GAuUk € AUnax + VAumax€Au — SAulk—1
—GAauUr € —AUmnin + VAaumin€Au T 8Auli—1
— e < 05><1

where

T
e=lep € €a: € €au

is a vector with slack variables for each constraint,

P = diag(pp, pv, PAz: Pus PAW);
P= [Up Oy OAz Oy UAu]

are the weights for each slack variable respectively for
the quadratic and linear penalty function, and

Vypma:v 0
O Vy'u max

Vypmaz 0
A\ ax 0 vaa:v

Vy|: o :| Vumin yo
Vyvmin

Ymin

‘/y,,min 0
0 Vyumin_

VA zmax

VAzmam
VAzmin

_VAzmin_

Vumaz

Vumax

Vu min

_Vumin_

VAumaw

VAumaz

Vau

VAllmin

_VAumin ]

are matrices with non-negative entries, where the
larger the entry in the matrix, the relatively softer
the corresponding constraints is. Again substituting
the equality constraints in the objective function and
the inequality constraints, we obtain the optimization
problem in terms of the control inputs and slack vari-
ables,

e . 1 Ty s
minimize -U;HU, +f, U
0, g RETERT R T 37)
subject to  GUj < hy,
where
— H O = T
S

— G -V = h
G = [Ost _15} hy = {0551}
V = blkdiag(Vy,Vaz, Vu, Vau)

The optimization problem in (37) is a convex one,
for which powerful convex optimization algorithms
are available that can solve the problem in real time.
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However, its solution maximizes the captured power
of the wave energy converter, i.e. it does not consider
the losses in the power take-off. Not accounting for
the losses in the drivetrain leads to large reciprocat-
ing power flows, thus, causing increased losses and
reduced output power as an end result. On the con-
trary, by maximization of the output power instead,
i.e. by accounting for the efficiency of the PTO, the
optimal balance between captured and returned power
is achieved. The optimization problem that maximizes
the output power (minimizes the negative of the out-
put power) can be expressed in continuous time as
—_ 1

to+T
minimize — P,(t) = —/ 2t u(t)npro(t)dt (38)
u(t) T Ji,

where npro is the PTO efficiency,

no,  if Z(H)u(t) <0

nero(t) = (39)

1
—, otherwise
o

The efficiency function in (39) can be smoothed with
the logistic function

no + 1 eYP(t)

NPT (£) = —— B, (40)
14+ —erp(t)
"o
where p(t) = 2(t)u(t) and 7 is a measure of the

steepness of the transition from one efficiency level to
another, and

im NpT0. 00 (1) = nPTO(1). (41)

Y—>00

This objective function makes the optimization prob-
lem non-convex, therefore, making the control problem
harder to solve. A simple way to account for them,
while preserving the convexity of the problem is to
assume that the losses are viscous. We modify the
performance objective accordingly

_ 1 to+T
minimize P,(t) = — / () u(t) + by22dt  (42)
u(t) T Ji,
where b, is a non-negative viscous friction coefficient,
which needs to be optimized for maximum output
power using Monte Carlo simulations for each sea
state. This modification does not change the already
derived control problem. We just need to change the
second diagonal entry in the output weighing vector
Q = diag(gp, gv) to equal to b,, i.e. g, = by.

VI. IMPLEMENTATION

The open-source Boundery Element Method (BEM)
solver Nemoh, [11], is used to generate the hydro-
dynamic parameters of the WEC. The process starts
by creating a mesh of the cylindrical hull. Then the
generated mesh file is fed as input to the mesh routine
of Nemoh along with environmental parameter, such
as water depth and wave direction to generate the
hydrodynamic coefficients. The hydrodynamic param-

eters of the cylindrical hull are summarized in Table
Iv.

TABLE IV
CONSTANT HYDRODYNAMIC COEFFICIENTS OF THE CYLINDRICAL
BUOY IN HEAVE.

Symbol Quantity Value Unit
Moo Added mass 649.12 ton

kp, Hydrostatic stiffness ~ 1.78% MN/m
Cq Drag coefficient 1.15° -

2 The added mass and the hydrostatic stiffness are calculated using
Nemoh .

P The value of the drag coefficient is set according to DNV Stan-
dards, [12], for an oscillatory wave scenario.

In order to conduct the time domain simulations, the
nonlinear hydrodynamic model of the cylindrical buoy
in heave is implemented in Simulink/MATLAB along
with the three control strategies. The irregular waves
are produced with the JONSWAP wave distribution
model with steepness coefficient of v = 3.3. Simula-
tions are run using the ode45 solver with maximum
time step of 0.01s. The simulation duration is set to
2 hours for all simulations and each control strategy
is simulated with the same wave timeseries to obtain
comparable results.

The design constraints of the wave energy converter
are stroke length, velocity, tether force, rate of change of
control/tether force and buoy volume/submergence.
The constraints of the studied controllers, which are
summarized in Table V, are chosen accordingly. Note

TABLE V
DESIGN CONSTRAINTS OF THE STUDIED WAVE ENERGY CONVERTER

Symbol  Quantity Value Unit
Zmaz Maximum buoy displacement 2.5 m
Zmin Minimum buoy displacement  -2.5 m
Zmaz Maximum buoy velocity 2.0 m/s
Zmin Minimum buoy velocity -2.0 m/s
AzZmaz Maximum submergence 1.23 m
AzZmin Minimum submergence -1.23 m
Umaz Maximum tether force 0.0 MN
Umin Minimum tether force -3.0 MN
AUmaz Maximum rate of control 10.0 MN/s
AUpmin Minimum rate of control -10.0 MN/s

that the constraint on the rate of change is set to a high
value, meaning that it will be disabled in this study.
Moreover, it will be assumed that the size of the storage
is large enough so that it smooths the input power
to a constant level, equal to the average for each sea
state. Since the average export power is unknown prior
to simulation and there is no dynamic model of the
machinery, the power at each node of the power take-
off cannot be calculated during simulation. Therefore,
they will be found by postprocessing the input power
to the PTO using the efficiency of each component. In
order to calculate the average output power correctly,
energy neutrality of the storage must be guaranteed,
meaning that the stored energy in the flywheel at the
beginning of the simulation must be equal to the stored
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energy at the end of the simulation. This way any
bias in the average output power due to the storage
is eliminated.

In order to keep the number of optimized parameters
low, a third-order polynomial is used in this study.
The penalty coefficient in the objective function of
the optimization problem of LRC and PRC is chosen
to be 0 = 20 for all constraints. While performing
simulations with LRC and PRC, it was observed that
the controllers performed poorly at keeping the tether
force constraint. Therefore, in order to have more fair
comparison against results with NMPC, the output of
the controller was saturated with the boundaries of the
tether force constraint.

The MPC with the non-convex objective and smooth
efficiency function is used. The optimization problem
of the controller is solved with the fmincon function in
Matlab with the SQP (Sequential Quadratic Program-
ming) algorithm. The used parameters of the controller
are summarized as follows

N =M =50
Ts =0.1s

v =40

79 = 0.841
P=1led xT°
p= 05><1

Vypmaz = V;qumin = V;qpmaw = Vyvmin =1.0
VAzmaz = VAzmin =0.1

‘/umaac = Vumin — 0.1

VAumaw = VAumin =10

Note that 50-step prediction horizon with 0.1s sam-
pling time corresponds to 5s prediction time. The
efficiency 79 is found by multiplying all the efficiency
values of all components in Table II, but the efficiency
value of the output inverter, since the power flow
through the output inverter is only in one direction, i.e.
it does not participate in the reactive power transfer.
The submergence and the tether force constraints are
designed to be harder compared to stroke and velocity
constraints. Submergence constraint is chosen to be
harder to prevent occurrence of strong model nonlin-
earity due to going-out and completely submerging of
the buoy, which can cause instability. The motivation
behind choosing the tether force constraint to be harder
is due to the fact that force is the most critical design
parameter for the machinery. The

VII. SIMULATION RESULTS
H. Single sea state benchmark

In this subsection the studied control strategies are
benchmarked in a single sea state, namely H; = 5.0m,
Tp = 10.4s. The comparison is summarized in Table
VI

As expected, the NMPC outperforms the other con-
trol strategies in terms of mean export power, followed
by the PRC. However, NMPC is not the winner in
terms of wave-to-wire efficiency due to the relatively
high average tether power. The NMPC outperforms

TABLE VI
BENCHMARK IN Hs=5.0M TP=10.45

Quantity LRC PRC NMPC  Unit
Mean export power 345 427 475 kW
Mean tether power 439 563 623 kW
Wave-to-wire efficiency 78.6 75.8 76.2 %
Peak tether power 8.9 8.4 6.3 MW
Pta tether power 20.3 15.0 10.1 -
Utilized storage capacity 41 39 34 kWh

the other two control strategies in a remarkable way
in terms of control handling capability, which can be
understood by looking at the peak tether power. The
constraint management with PRC is better than LRC
but the difference is not that significant. Finally, the
NMPC requires lower storage capacity to achieve con-
stant output power compared to the other two passive
control strategies. It should be noted that PRC has
outperformed the LRC in all categories in the chosen
sea state.

I. Annual benchmark

In this section the three control strategies are bench-
marked based on annual data. The results with LRC
and PRC are obtained by optimally tuning their control
coefficients for each sea state. Fig. 5 shows the averaged
export power and the statistical peak tether power for
the studied control strategies. It can be clearly seen
that NMPC can achieve the highest average output
power in all sea states, while requiring the lowest peak
tether power. Although, it performs best at minimizing
the peak tether power, it fails at keeping the tether
power below the defined 6MW boundary at the largest
sea states. From Fig. 5, it can be seen that LRC is
the worst performer in all sea states in terms average
export power and peak tether power. The difference
in performance between LRC and the other control
strategies is more visible in the largest sea states. In
largest sea states, LRC causes the maximum allowed
tether power to be exceeded almost two times.

Fig. 6 shows direct comparison of the constraint
handling capability of each control strategy by showing
the utilized stroke length and maximum velocity at
each sea state in the selected site. By looking at the
maximum stroke scatters in Fig. 6, it can be seen that
all control strategies have significantly violated the
chosen constraint. The reason for this can be that the
penalty for the violation of the stoke constraint was
not large enough. In case of NMPC the reason is also
partially due to the mismatch between the plant and
controller model. Increasing the penalty on violation of
the stroke constraint might improve the case. However,
this improvement only be achieved at the expense of
violating another constraint, such as the velocity.

Fig. 6, furthermore, shows that the velocity con-
straint is much less violated, with the best result for
NMPC. Velocity is less critical than stroke length for
the PTO, which indicates that the softness parameter
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Fig. 5. Power matrices obtained for LRC (first row), PRC (second
row) and NMPC (third row). Left column shows peak tether pow-

ers, while right column shows mean export power. The controller
parameters of LRC and PRC are optimized at each sea state.

could be changed to allow more violation. Due to
time limitation in this study, the constraint handling
capability could not be tested for different softness
parameters of the NMPC. Therefore, one potential
future task can be to measure violation of constraints
for different softness parameters. It should be also
noted that power has not been used as a constraint
in this study, which means that the velocity constraint
limits the peak power in the system. Therefore, another
potential future work is to implement a constraint for
the power, to allow higher velocity when the force is
lower.

LRC and PRC were simulated with higher values
of the penalty weight, 0. However, the constraint vi-
olations did not reduce much and it even got much
worse in some occasions, indicating that the utilized
gradient-based optimization algorithm failed to find
an optimal solution due to the hardening the nonlin-
earity of the objective function. Therefore, the utilized
gradient-based algorithm is not suitable for problems
with large constraint penalty coefficients. In a future
study, global optimization algorithms such as genetic
algorithm or particle swarm algorithm can be used to
find the optimal controller coefficients.

A thorough performance benchmark based on an-
nual wave scatter between the three control strategies
is summarized in Table VII. NMPC is able to export
17.4% more annual energy compared PRC and 28%
more - compared to LRC. PRC is 9% better than LRC
in terms of export power. Similar to the single sea
state case, the wave-to-wire efficiency with PRC is
observed to be slightly better than NMPC and LRC
when annual data is considered. Annual mean RMS

H, (m)
Peak stroke (m)
m
Peak velocity (m/s)

H, (m)
Peak stroke (m)
o
Peak velocity (m/s)

H, (m)
Peak stroke (m)
o
Peak velocity (m/s)

Fig. 6. Peak statistical values of stroke and velocity obtained for LRC
(first row), PRC (second row) and NMPC (third row). Left column
shows peak stroke length, while right column shows peak velocity.
The controller parameters of LRC and PRC are optimized at each
sea state.

TABLE VII
BENCHMARK BASED ON ANNUAL DATA

Quantity LRC PRC NMPC Unit
Annual export energy 1.00 1.09 128 GWh
Mean annual export power 117 127 149 kW
Annual tether energy 136 148 174 GWh
Mean annual tether power 159 173 203 kW
Wave-to-wire efficiency 737 732 733 %
Peak tether force 3.0 3.0 3.0 MN
Annual mean RMS tether force 080 083 111 MN
Mean exp. power/RMS teth. force 147 152 135 W/KN
Mean exp. power/Peak teth. force 39 42 50 W/KN
Flywheel in-out energy volume 203 226 292 GWh
Nr of cycles/10kWh storage in 20y  2.0m 23m 29m -

tether force on the table refers to the weighted average
of the RMS tether force by the occurrence of each sea
state in the selected site. It can be seen that LRC has the
lowest RMS tether force. This implies better load case
for the LRC compared to the other control strategies.
However, this also implies reduced utilization of the
available peak force. Although, LRC has the lowest
annual mean RMS tether force and NMPC has the
highest mean annual export power, the winner in terms
of mean export power per RMS tether force is PRC.
However, if the mean export power per peak tether
force is considered, the NMPC outperforms the passive
control strategies. However, it is unknown whether
mean power per RMS or mean power per peak force
is the cost-defining metric. Therefore, it is difficult to
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say which control strategy is better in terms of cost.

In this study, the storage requirement for each con-
trol strategy is also analyzed. The penultimate row in
Table VII shows the exchanged energy volume, that
flows into and out from the storage device for one
year. It can be clearly seen that NMPC causes signifi-
cantly higher power flow through the flywheel, while
the exchanged energy volume with PRC is slightly
higher than LRC. The exchanged energy volume is an
important quantity, since it is directly proportional to
the number of full charge-discharge cycles per KWh of
storage capacity of the flywheel, which is depicted in
the last row of the table. Therefore, similarly, the LRC
requires slightly (13%) lower number of cycles com-
pared to PRC and significantly (46%) lower compared
to NMPC.

2 T T T T T
= wave
% 1 buoy ]
v
8
a -1 ]

-2 1 1 1 1 1

0 20 40 60 80 100 120

Velocity [m/s]

Force [MN]

3 ) j j ' ' I
E 2 tether E
; ] A flywheel )
- A haans [ B
§ : -VVVVTVWWWWWEV T
-2 L L L L :
0 20 40 60 80 100 120

Time [s]

Fig. 7. Timeseries in sea state Hs = 2.0m, Tp = 8.5s with NMPC.

J. Hydrodynamic behaviour with NMPC

Figure 7 and 8 display the timeseries of some of the
main signals, obtained by simulating the studied buoy
with the NMPC in two selected sea states, namely at
H, =2.0m, T, = 8.5s and H, = 5.0m, T, = 10.4s.

It can be seen that the NMPC manages to control the
buoy without any violation of the system constraints in
the small sea state, and with some small violations in
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Fig. 8. Timeseries in sea state Hs = 5.0m, Tp = 10.4s with NMPC.

the larger one. Moreover, by looking at the tether force
curve in the smaller sea state, the efficiency awareness
of the controller can be noted. The NMPC keeps the
tether force low in order to increase the output power.
If the controller was designed without accounting for
the efficiency of the system, then it would have utilized
higher tether force, which would lead to higher power
capture, but also higher reciprocating power flows
causing increased losses and, therefore, lower output
power as an end result. Using a lower average tether
force or lower pretension force in small sea states has
a consequence, though. The buoy does not operate
around the point, at which it was linearized, i.e. the
center of the cylinder. It can be seen by looking at the
wave and buoy position in the top subplot of Fig. 7
that the mean buoy position is higher than the mean
wave elevation and/or the position of (the center of)
the buoy is most of the time above the water surface.
Therefore, in small sea states the mismatch between
the nonlinear plant model and the linearized controller
model increases, which can have a deteriorating effect
on the performance of the controller. In our particular
case, the buoy is quite short, thus, the difference be-
tween the nonlinear and linear excitation force is small
due to the small draft of the buoy. The difference is
expected to be greater with taller and narrower buoys.
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The efficiency awareness of the controller can also be
noted by looking at the power curves in both figures.
It can be seen that the returned power to the buoy is
much smaller than the captured power.

VIII. CONCLUSIONS

This paper presented a benchmarking study of
the InfinityWEC wave energy converter, where three
different efficiency-aware reactive control techniques,
namely linear reactive control (LRC), polynomial re-
active control (PRC) and nonlinear model predictive
control (NMPC) are compared in terms of performance,
load case and constraint handling capability.

As anticipated, the NMPC resulted in highest annual
energy yield, using 5s prediction of wave input, due to
its more detailed control capability: 17.4% higher than
PRC and 28% higher than LRC. Without prediction
of wave input, PRC performed 9% better in terms of
annual energy compared to the LRC due to the higher
degree of flexibility of the polynomial controller to han-
dle constraints in a more optimal way, mainly, in larger
sea states. In more energetic sites the improvement
with PRC with respect to LRC is expected to be higher.
However, performance of the control strategies relative
to one another also depends on the chosen system
constraints. For example, if the limits of the system are
sufficiently high, then the optimal coefficients of the
PRC will be equal to the ones of the LRC, thus, there
will be no improvement.

The annual mean RMS and the peak tether force
was used in this study to describe the load case for
the different control strategies. The peak tether force
is saturated at 3MN for each control strategy. LRC is
found to have the lowest annual mean RMS tether
force, implying that it has better load case in terms of
RMS compared to other two control strategies. How-
ever, lower RMS force also means lower utilization of
the available peak tether force. In order to obtain some
sense on the system performance in relation to the
load case and/or utilization, the mean annual export
power per peak tether force and mean annual export
power per RMS tether force are calculated. It was
found that NMPC yields highest annual mean export
power per peak tether force, as expected. However, the
PRC offers the best performance per RMS tether force.
This implies that PRC may be the most cost-effective
control strategy.

LRC was found to have the lowest utilization of
the storage with 13% and 46% less exchanged energy
volume in and out from the flywheel compared to
respectively PRC and NMPC. This implies that lower
number of full charge-discharge cycles per kWh stor-
age capacity is required with the LRC. However, from
the single sea state simulation it was found that LRC
utilizes the highest storage capacity.

In terms of constraint handling capability, NMPC
outperforms both passive control strategies followed
by PRC, as anticipated. However, the chosen softening
parameters for NMPC did not yield satisfactory con-
straint handling capability on all of the state variables.
For example, the NMPC performed quite satisfactorily

in keeping the velocity constraint, but great violations
of the stroke constraint were observed, implying that
the stroke constraint could be hardened by decreasing
the value of the corresponding softening parameter.
Although, simulations were not run for different sets of
softening parameters, it is anticipated that hardening
the constraint of one of the state variables is in the
expense of softening, thus, increasing the violations of
the other due to the maximum available force input.
The justification for the poor performance of LRC
and PRC can be argued to be in the choice of insuf-
ficient penalty weights. However, the gradient-based
optimization algorithm, utilized in this study to find
optimal control coefficients of the passive control tech-
niques, failed to work properly for higher values of
the penalty coefficients. It is anticipated that violations
can be reduced by hardening the constraints with
higher constraint weights. However, this will be in the
expense of output power performance of the device.
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