344-1

Control synthesis via Impedance-Matching in
panchromatic conditions: a generalised
framework for moored systems

B. Paduano, E. Pasta, N. Faedo, and G. Mattiazzo

Abstract—This study focuses on addressing the chal-
lenge of integrating the tangled mathematical model of
the mooring system into an effective control synthesis.
The presented synthesis framework utilises the impedance-
matching technique to achieve the desired controller per-
formance by adapting the control parameters to align with
the dynamic characteristics of the moored wave energy
device. By leveraging this technique, the simulation frame-
work provides a means to effectively incorporate the intri-
cate mooring dynamics into the control synthesis process.
Furthermore, this paper aims to delve into the concept
of defining a representative control action by examining
the input-exciting force of the feedback-controlled system.
Through a straightforward case study, the authors demon-
strate the significant impact of the mooring on the system
dynamics and underscore the applicability of the proposed
simulation framework. Moreover, the paper verifies the
importance of considering the controlled system’s exciting
input when addressing control synthesis, particularly in
panchromatic conditions.

Index Terms—Mooring, wave energy control, impedance-
matching, irregular conditions

I. INTRODUCTION

ODELLING a moored wave energy system us-

ing a dynamic approach can indeed be time-
consuming due to the complex nature of the system
[1]. Integrating the mooring system into a wave energy
system model for coupled simulations can also pose
challenges. However, it is important to consider the
impact of the mooring system on the overall dynamics
of the system, as it can significantly affect device perfor-
mance [2], [3]. This is especially true when designing
a controller using a model-based approach, as the
controller’s effectiveness depends on accurate represen-
tation of the mooring system dynamics. Therefore, de-
spite the complexities involved, it is essential to include
the mooring system in the modelling and analysis
of wave energy systems to ensure a comprehensive
understanding of their behaviour and performance.
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Before delving into the analysis, it is important to
review the existing literature on the influence of the
mooring system on the dynamics and productivity of
the device, as well as its incorporation into control
synthesis.

The vast majority of analyses in the current wave
energy panorama investigate mooring system design
for survivability purposes, such as those by Depalo et
al. [4], Mao et al. [5], and Wei et al. [6] to name a few.

Cerveira et al. [7] analyses the dynamic response
and performance of an arbitrary moored wave energy
system, in which the mooring system is described
by a nonlinear model. The arbitrary system harvests
energy by exploiting surge and heave motion through a
proportional controller (where the control force acts as
damping on the heave velocity). Although the mooring
system’s influence on pitch motion was significant, the
effect on the harvested energy by device surge and
heave motions, which were the PTO controlled degrees
of freedom, was minimal. However, the study did not
address the design of such a controller.

Fitzgerald and Bergdahl [8] assesses the performance
of a generic floating wave energy system under the
influence of a set of mooring configurations. The sim-
ulations were based on a frequency-domain approach,
and the resulting mooring linear model was developed
by identifying a linear impedance from catenary ana-
lytical equations, and modifying the device dynamics
accordingly. The results showed a significant influence
of the mooring on device motions, and the identified
model was non-representative in conditions signifi-
cantly different from the linearisation ones.

Gubesch et al. [9] investigates a moored oscillating
water column experimentally, comparing a fixed device
to the device moored by means of a catenary and a
taut solution. The oscillating water column device’s
performance was significantly affected by the mooring
configuration, with a variation of over 50

In Faedo et al. [10], an experimental investigation of
a moored pitching wave energy system is conducted.
Although the mooring system’s influence was outside
the scope of the investigation, the control synthesis was
achieved by means of a data-based model synthesised
from the experimental data, which includes the influ-
ence of the station-keeping system.

In [11] and [12], the influence of the mooring sys-
tem had marginal importance within the study’s aim.
Furthermore, in these cases, the controller is designed
as a proportional actuator, and the associated synthesis
was not discussed.
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Accordingly, the following key points should be
noted:

e The mooring system has a significant effect on
the overall dynamics, particularly in pitch and roll
motions.

¢ Dynamic models are needed to capture these sig-
nificant dynamics, but the computational burden
often leads to the use of data-based approaches.

o Despite the importance of the mooring system
on device performance, control synthesis is often
neglected, and there is a lack of detailed analysis
on the performance assessment of moored devices
in the current state-of-the-art.

With the aim of investigating on the influence of
mooring systems in the correlated energy-maximising
WEC control synthesis and the associated device
performance assessment, within this manuscript, a
control-oriented data-based modelling procedure is
proposed. By leveraging a data-based modelling it is
possible to include the mooring relevant dynamics,
and perform a controller synthesis by means of the
impedance-matching technique. The target data, used
to compute such data-based control-oriented model, is
generated by means of a high-fidelity modelling solver,
by using a specific set of representative persistently
exciting inputs.

Furthermore, when applying impedance-matching
theory, the controller is synthesised by matching the
optimal controller response to a specific frequency (for
detailed information, please refer to Section III). How-
ever, it is important to note that the use of impedance-
matching theorem-based controllers is not a novel con-
cept in the field, and interested readers are encouraged
to refer to [10], [13]-[15] for a comprehensive explo-
ration of this topic.

Moreover, when applying these control strategies
in irregular wave conditions, it becomes essential to
define a single interpolating frequency in order to
compute an effective control action. While choosing a
frequency associated with the wave energy spectrum
(such as the frequency related to the wave’s energetic
period, among others) may seem like a reasonable
approach, it is crucial to analyse the input exciting
spectrum separately, as it can significantly differ from
the wave spectrum. Therefore, the selection of the
appropriate frequency must be carefully conducted by
considering the characteristics of the input exciting
spectrum. This step is essential in ensuring an accurate
representation of the control action, particularly in ir-
regular sea states where the choice of the interpolating
frequency becomes more critical. In order to shed light
on this issue, this paper proposes an approach for
identifying the appropriate interpolating frequency. By
addressing this challenge, we aim to provide valuable
insights into the optimisation of the control strategy in
a panchromatic environment.

Note that a significant portion of the study presented
in this work is based on the findings and insights from
[14]. This paper focuses on providing a more extensive
and in-depth investigation in the following area:

o Generalisation of the simulation framework for a
multi-DoFs moored wave energy system.

 Analysis of the interpolating frequency in irregu-
lar sea state conditions.

The reminder of this paper is organised as follows: Sec-
tion II outlines briefly the numerical models adopted
within this study, Section III defines the impedance-
matching theory, on which this study is based on. The
control synthesis of a general multi-DoF model is de-
picted in IV, and the inclusion of nonlinear terms, such
as the mooring force, is analysed in V and extended in
Section VI for panchromatic conditions. Finally, Section
VII propose a straightforward application case, and in
Section VIII the conclusions are outlined.

II. NUMERICAL MODELLING

In this study, various numerical models are em-
ployed to capture the system dynamics. While a
frequency-domain approach can be utilised for purely
linear assumptions, it is recognised that a dynamic ap-
proach is necessary when modelling a mooring system
[16]. Although alternative strategies for computational
efficiency, such as those discussed in [17], and the
linearisation of nonlinear terms in a spectral-domain
fashion [18], can be considered, the following numeri-
cal models are employed in this study:

« Device hydrodynamics: the hydrodynamic effects
of the device are incorporated using the assump-
tions outlined in the potential-flow theory [19].
Time-domain simulations are performed by com-
puting the impulse response function based on the
well-known Cummins’ equation [20].

o Mooring system: the mooring system is modelled
using a dynamic lumped-mass model described in
[21], and the software adopted is OrcaFlex (OF),
being one of the most used in the offshore field
[1]. External forces acting on the mooring system
are included using the procedure outlined in [14].

III. IMPEDANCE-MATCHING-BASED THEORY

Within this section, a brief introduction to the
control-related mathematical tools, adopted within this
study, is provided.
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Fig. 1. Impedance-matching principle: equivalent electrical circuit
representation.
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Figure 1 shows a generic single DoF WEC, feedback
controlled by the map K%’t R—=>C,s— K%’t(s). The
control action Fc(;flt can be interpreted as the electric
load, which has to be designed, to maximise power
extraction from the source, which is represented by the
generic force F. Note that Z, represents the velocity
of a generic motion of a floating object, and the map
G : R — C,s = G(s) can be easily linked to the
hydrodynamic properties of the body.

The resolution of this problem, under its electrical
representation can be addressed by means of the so-
called impedance-matching theorem [22]. It states that,
in order to maximise the power transfer, the load
impedance K ;Et needs to be designed as the complex
conjugate of the system impedance, which means, in
the WEC case:

K3 =

The equation of motion becomes:

y t
Z, = G(F — F3h), 2
FR=G"7,

ctrl

I =G 1)

in which FOf' : R — C,w ~ FS&' is the optimal
control action. Although by synthesising the controller
in terms of the impedance-matching theorem, the re-
sulting associated optimal control action results to be
stable, it is anti-causal, since it requires future knowl-
edge of the excitation force, being the response Z, in
instantaneous phase with the force F(w).

It can be appreciated by the associated closed-loop,
ie.: )

Wort — i, (3)
G+G*

in which WOt : R — RT, s — WO°P(w) is, in essence, an
ideal, zero-phase filter. The velocity Z,, subject to the
optimal control law, is in instantaneous phase with the
input force and, moreover, represents a scaled version
of same input force.

IV. CONTROL SYNTHESIS PROCEDURE

Being a wave energy system represented as a multi-
DoF with multiple control inputs wave energy system,
G : R — Croorxmook  the control force can be defined as
Fig : R = C",w +— Fyy(w) represents the controlled
actions, being n., C [1,...,npor] the number of the
controlled DoFs. Please note that, the application of the
impedance-matching theorem in a generic multi-DoFs
system is exhaustively described in [15].

To achieve the control synthesis the controlled equiv-
alent system needs to be isolated from the total map.
By collecting the first n. rows of the system G, it is
possible to define:

G G;
— C C 4
¢ {GO,I Go,g] ’ @

in which G, : R — C™*", and Gz : R — C"beF~"eXTe,
Moreover, the external force acting on the system
closed-loop can be divided into:

F.
P [ Fa] . (5)
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Fig. 2. Generalised application of the impedance-matching principle.

Accordingly, the system response can be described
as the I/O system in Figure 2 in which the system G,
is feedback controller by the map K., and Z. € C" are
the velocity of the controlled DoFs. Finally, the external
force can be figured as an equivalent exciting input F,,
ie.:

F,
Zc: Gc G& ; :GCF€7
[ ]{FJ ! (6)
Feq:FC‘FG(leéFéa

Accordingly, it is possible to apply the impedance-
matching theory and evaluate the system-associated
controller as:

K¥ =G,

Ko(om) = K2 (wn). @

where G} represents the para-hermitian complex-
conjugate of G..

V. DATA-BASED MODELLING

Within this section, the focus shifts to the definition
of the map G., which represents the system from the
controller’s point of view. To ensure the broad appli-
cability of the proposed procedure, it addresses the
multi-degree-of-freedom problem with multiple con-
trol actions. This allows for a comprehensive investiga-
tion of the system’s behaviour and control strategies in
a wide range of scenarios.

From a general perspective, a system can be charac-
terised by means of several nonlinearities or, moreover,
during an experimental investigations (see for example
[10]), the computation of a control action based on
numerical models can provide unreliable results, since
prototyping leads to several uncertainties [23].

Following the impedance-matching approach pre-
sented in Section III, the procedure for the identifi-
cation of a representative device frequency-response,
non-parametric, map, so as to effectively leveraging the
result in (1), is outlined below.

By leveraging linear assumptions, a multi-DoF wave
energy system can be defined, as exposed in Figure 3,
by means of the linear map G, : R — C"*" w
G.(w).

Please note that, the map G. represents the linear
approximation of the system "seen" by the controller
map K..

The identification of the frequency response G.(w)
is achieved by evaluating the associated empirical
transfer function estimate, imposing a set of known
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Fig. 3. Schematic representation of a wave energy system under LTI
assumption.

(sufficiently exciting) input signals as control exciting
forces (i.e. Fi4y in Figure 4).

G. 2%

A

Fctrl

Fig. 4. System frequency response identification.

Although several signals can be employed for
the identification of the corresponding frequency re-
sponses (see, for instance, [24]), a multisine signal
is adopted within this manuscript, taking advantage
of e.g. its periodicity and bounded spectrum [25]. In

frll rl (N)

|E2,] (N)

w (Il'ad/s) '

Fig. 5. Multisine signal of the control force: time and frequency
domain representation.

particular, the set of multisine signals is built by ap-
plying the so-called Schroeder phases [26] (an example
of a multisine signal is exposed in Figure 5), i.e. the
representative excitation signal becomes:

ch;crl(t) = [0

Y T
Fn () O} L Viel,... n,

Agm,z(t) = Z aj,i cos(wit + dr),
k=1
—k(k+1
b = ﬁ, Vke{l,...,Ny},
Ni

(8)

where a;; € & C RY, j € {1,...,N;}, defines the
final signal amplitude for the I-th exciting force, with
lell,...,ng.

Remark 1. Please note that, exciting signal f’ w1, 1eeds to
be designed according to the system response, i.e.:

o The frequency bandwidth is chosen in order to excite
any relevant dynamics.

o The signal (experiment) duration needs to be tuned
accordingly, since it naturally relates, in periodic sig-
nals, to the frequency discretisation (i.e. the frequency
discretisation needs to be small enough to characterise
any relevant dynamic).

o The associated signal amplitudes are defined accordingly
to the operating conditions. For example, in [7], the
exciting signal is chosen to have the same energy as the
wave frequency motion.

For further information, the reader is referred to e.g. [27].

Since the model to characterise in terms of a repre-
sentative linear mapping G has, a nonlinear behaviour,
the input signal f. needs to be tested under several
amplitude conditions a;; € &/ (see Remark 1). Using
each input element in the set </, and corresponding

output Z7, it is possible to construct the average em-
pirical transfer function estimate as
Nj J
1 F ~ el 1N l
Gepi(w Z N, 7@ ©)

in which G¢p; : R = C,w — G¢p(w) constitutes an
element of the total map G, with b€ [1,...,n.].

VI. ON THE MATCHING FREQUENCY IN PANCHROMATIC
CONDITIONS

If the system is excited by means of monochromatic
signals (i.e. the WEC experiences regular wave condi-
tions), the definition of the matching-frequency (wy,)
is straightforward. Moreover, the application of the
proposed phase-matching controller is clearly limiting
therefore, the definition of the proper interpolation is
discussed herein.

Irregular sea state conditions are defined by means of
a wave spectrum, which defines, for any frequency, the
probability of a monochromatic exciting component.
Although the definition of the matching frequency
(i.e. wy in (7)) can be achieved, in first attempt, by
leveraging the characterising frequencies of the wave
spectrum (e.g. mean, peak, or energy frequency, among
others), it needs to be achieved taking into account the
equivalent force F,, acting on the controlled system.

Remark 2. Although in most applications the definition of
the map Gy, is straightforward (e.g. if the F., is equal
to the wave first order exciting force, see Section VII-D),
in general it can be defined by means of the same procedure
exposed in Section V (i.e. by leveraging a data-based model),
by defining, as exciting input, a properly-tuned wave profile.

Therefore, by defining a the G2y, : R — C",w
G2f.,(w) the map which links the wave elevation to
the exciting force F., (see Remark 2), it is possible
to define the associated spectra Sy, : R — R",w —
Sg(w), with i =[1,...,n.] as:

sz- = (G'fl2feqi) (G;2feqi) Sn-

Even after the definition of the exciting spectra, the
associate matching-frequency still results not univo-
cally defined. In a general perspective, the matching

(10)
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frequency can be achieved by solving an optimisa-
tion, energy-maximising, problem, by leveraging linear
data-based models, i.e.:

max mg,p,
wm ERT P

subject to:

= K. (wm)W(wm)GW?feq?
= (Ge(wm)Ke(wm) + 1)1 G,

(wWm)
(W)
Gi(wm) = W(wm)Gn2re,
(Wm)
(wWm)
(W)

in which, S), : R - RT,w — S, (w) is the power
spectrum of the i-th controlled DoF, W R —
Cre*me w +— W(w) represents the controlled closed
loop, mg, € R is the sum of the 0-order moment
of the corresponding power spectrum .S,,. Moreover,
the following frequency responses are defined to assist
the current dissertation:

e G1:R — C",wr Gi(w): is the map between the
wave elevation and the controlled DoFs velocity,
defined in (VI) according to (10).

e G2 :R — C",w— Gi(w): is the map between the
wave elevation and the control actions, defined in
(VD).

e G3:R — C",w i Gi(w): is the map between the
wave elevation and the associated power, defined
in (VI).

Clearly, within ordinary application cases, the prob-
lem is significantly less intricate than the one proposed
above (as example see Section VII-D). Therefore, inves-
tigating a case-of-study within a single controlled DoF,
or if the controlled DoFs are uncoupled each other (i.e.
the matrix G, is diagonal), it is possible to define a
good approximation of the best matching frequency as
follows:

o From the spectrum of the exciting force, the asso-
ciated probability density function can be defined,
ie.

(1)

o Accordingly, the matching frequency can be de-
fined as the median of the probability density
function, i.e. the frequency w,, such that:

Wm, 1

0

VII. AN INTUITIVE APPLICATION CASE

Within this section the whole procedure is applied
and described in a simple case-of-study. Clearly, the
solver under investigation is OF, since it is one of the
most used solver in offshore field [1]. A heaving point
absorber is investigated. Precisely, the harvested energy
can be derived in a certain time interval At as:

1 t2
L= / Z3 (ngp + Z3k‘1)dt (13)
to —1t1 Jy,
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T3 I
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Fig. 6. Schematic representation of the point absorber.

Hence, the controller leverages of a PI structure, and
the associated action acts on the x3 axis of the floating
object (see Figure 6). Moreover, by taking advantage of
the OF graphic interface, the complete moored system
is represented in Figure 7, and the associated properties
are reported in Table L

A. Layout and properties

The point absorber is a spheric floating unit with
the CoG located in the geometric centre and, according
to its free floating condition, on the waterline. The
mooring system is formed by a symmetrical pattern
of four semi-taut mooring lines. The bottom catenary
section, together with the subsurface buoy, is used to
prevent the synthetic section damage by avoiding the
clash of the latter with the seabed, and the top one
avoids the synthetic line to work in the splash zone,
which can be deleterious for a synthetic-made line. The
main properties of the system are outlined in Table L.

TABLE I
MOORED POINT ABSORBER PROPERTIES.
property symbol  value
Device
sphere radius (m) - 4
mass (kg) ma3,3 136000
hydrostatic stiffness (N/m)  hg,3,3 504000
water depth (m) wgq 40
Mooring
anchor radius (m) Pa 60
mooring angle (rad) Bm 3
catenary s. length (m) - 10
polyester s. length (m) - 45
buoy NB (kg) - 1000

Moreover, since OF is not able to solve the diffraction
problem and compute the hydrodynamic parameters,
the solver used as BEM is OrcaWave (OW). Given
that OW is not able to mesh a generic file, the Nemon
axisymmetric mesher is used. The hydrodynamic pa-
rameters are computed and, Figure 8 describes the
force-to-velocity response of the point absorber, the
map can be written as:

Zs = jwG3,3Feqs
Ga3i (14)

-Ftot,i )

6
Feq,S = Ftot,S + Z q
d,3,3

i=1,i#3
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Fig. 7. OF representation of the point absorber. Global axes expressed according to the OF global FoR.

in which, the force-to-velocity map is expressed as

2 R Cw s 22 (w).
/\

F eq3 F, eq3
AN

1072 1071 10°

50

B, (33 (kN/m/s)

0
10

150

107! 10°

(t)

Z 100

et

102 107! 10°

w (rad/s)

Fig. 8. Point absorber hydrodynamic force-to-position response.

B. Data-based modelling

According to the process described within this chap-
ter, the system needs to be excited on the heave motion
by a multisine signal. Starting the analysis on a wave
scatter it is possible to define a range of frequency and
amplitude. Since the excited motion is the heave one,
it is possible, according to a wave spectrum to evaluate
the associated spectrum of the excitation force on heave
motion by writing:

Sreps (@) = |Gr., 5 (@)]" Sy(w),
GFEq,S ( M? (1
i(w)
being S,(w) the wave spectrum, and G, , : R —
C,w+ GF,, ;(w) the map between the wave elevation
and the equivalent force on heave motion.
By characterising the equivalent force spectrum

SF.,s(w), it is possible define a range of frequency

2

w) =

and associated amplitude, the moment of the signal
mo,F,, s € RT can be described as:

MO,F,y 3 = /+ SF.,s(w)dw. (16)
R

The wave conditions are then presented in Table II
and used to construct a representative set of exciting
signals.

TABLE 1I
MosT FREQUENT AND ENERGETIC WAVES OFF THE COAST OF PANTELLERIA

Te (s) Hs (m)
3.5 0.375
6.5 1.875

Based on the waves listed! in Table II, a series
of multisines is generated to represent the system’s
excitation conditions. Each multisine is designed to
have an energy content between that of the most
frequently occurring wave and the most energetic one,
as described in equation (16). The resulting multisines
are illustrated in Figure 9.

By applying the associated control force on the heave
axis, it is possible to evaluate the empirical transfer
function estimate, as presented in equation (15). The
resulting averaged response is depicted in Figure 10
and compared to the BEM-based response.

The dual effect of the mooring system can be ob-
served in the system’s response. With the mooring,
the resonance frequency shifts to a higher period,
indicating a higher stiffness compared to the unmoored
system. Additionally, the amplitude of resonance de-
creases due to the damping effect of the mooring lines.

To assess the control synthesis procedure, the system
needs to be tested under monochromatic conditions,

1Please note that the chosen waves represent the most occurrent
and the most energetic wave condition of the Pantelleria site, in the
southern Italy.
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Fig. 10. System I/O force-to-velocity response. The BEM model (hy-
drodynamics only) is compared with the empirical transfer function
estimate evaluated by means of OF. The black lines represent the
chosen interpolating frequencies.

where the associated controller is designed. Since the
frequency responses are similar outside the resonance
region, the influence of the mooring on the control
synthesis procedure is examined specifically within the
resonance region (refer to Figure 10).

C. Control synthesis procedure

The system can be described in an algebraic block
fashion as expressed in Figure 2, in which the controller
is figured as the map K. : R — C,w — K (w).

Hence, the controller can be synthesised by means
of the impedance-matching technique by interpolating
the optimal response with a defined controller struc-
ture, i.e.2:

Z3 = jwGa3,3Feqs,
KPP (w) = (wGas3w)) ",
k;
K. =k —
() p T+ o
Kc(wm) = Kgpt(wm)»

i

Wi € [1.49,1.62,1.75,1.88],
(17)

Figure 11 displays the optimal closed-loop response
of both the moored and unmoored (BEM) systems, as
well as the PI-controlled closed-loop response obtained
by interpolating the controller to the frequency w, =
1.88,rad/s. Please note that, an alternative approach
to include the adopt an equivalent PI structure is
proposed in [28].

2Please note that, in the case under investigation for the unmoored
device the map G¢ = jwGg 3, 3.
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Fig. 11. System closed-loop response.

To assess the effectiveness of the control synthesis, it
is necessary to evaluate and compare the power out-
put under regular operating conditions. Therefore, the
controllers synthesised with and without the mooring
system are incorporated into the moored model. The

Bp(kWV)

o

1.49 1.62 175 1.88
w (rad/s)

Fig. 12. Average power values of the moored system with the
controller synthesised by means of the moored frequency response
(cyan bars), and the unmoored one (green bars).

regular sea states are chosen according to the regular
frequencies defined above, and the performance are
evaluated by means of the average mechanical power,
ie.:

p(t) = 23(t)(23(t)kp + 23(t)ki),

1 XN
Hp = szu.

=1

(18)

The results are displayed in Figure 12. The analy-
sis shows a significant improvement in the system’s
performance when the mooring system is included
in the control synthesis. On average, there is a 20%
increase in power output compared to the case without
the mooring system. This highlights the effectiveness
of incorporating the mooring system into the control
strategy, leading to enhanced power generation capa-
bilities.

Fig. 13. Wave JONSWAP spectrum in green, and the associated heave
excitation force in grey.
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Fig. 14. On the right-hand side of the picture, instantaneous mechanical power and the associated harvested energy. On the left-hand side

a zoom on the mechanical power.

D. Towards irregular sea state

So far, the effective influence of the mooring system
on the device dynamics and the associated control syn-
thesis has been proved in monochromatic conditions.
Within this section, we continue with the proposed
approach by utilising a panchromatic exciting input.
The system is stimulated by simulating an irregular
ocean wave using a JONSWAP spectrum [29]. Accord-
ingly, the excitation force spectrum associated with the
irregular ocean wave can be represented as follows:

Sfc = ST? (GFc,sa}c,:s) ’

in which Gp, , : R — C,w + GF, ,(w) represents the
map between the wave elevation and the heave excita-
tion force, and {Sy,,S,} : R = R,w — {Sf, (w), Sy(w)}
are the heave-associated force spectrum, and the wave
one. Both JONSWAP and excitation force spectra are
represented in Figure 13.

In the proposed case study, the relationship between
the velocity and the associated excitation force is given
by the expression:

(19)

G, G}
) @

Sz = 5. ((Géch F 1) (G Ko+ 1)

in which, Gz, : R — C,w — G (w) is the empirical
transfer function estimate of the map between the exci-
tation force and the system heaving velocity. According
to the most occurrent wave (see Table II), the control
parameters are evaluated by computing the median of
the wave and exciting force spectrum. In details, the
matching frequencies for both wave and force spectra
can be evaluated as:

We

; P(Sy.)dw = % — wy, = 1.74 rad/s,

o X 1)
; P(Sy)dw = 5wy = 1.66 rad/s,

where w,,, wy, C R* represent the matching frequencies

based on the wave and force spectra, respectively.

In Figure 12, the simulation results are presented,
showcasing the outcomes under the specified sea state
conditions. It is noteworthy that when the controller
is synthesised by interpolating the optimal controller
response and defining the frequency based on the ex-
citation force spectrum, a notable increase in harvested

energy of up to 13% is observed during the 1800-
second simulation.

Additionally, it is intriguing to analyse that synthe-
sising the controller according to the input-exciting
(force) spectrum yields a significantly more effective
control action. This is evident as the power component
dominates, resulting in a reduction of the reactive
part minimising the force applied and the maximising
power..

VIII. CoNCLUSIONS

Mooring modelling poses a considerable challenge
when attempting to create a representative model that
accurately assesses the performance of wave energy
systems. The interaction between the device, the waves,
and the mooring system adds complexity to the system
dynamics and requires careful consideration.

In this study, a comprehensive approach is proposed
to address the inclusion of the mooring system’s in-
fluence in the overall system dynamics and enable
effective control synthesis. The key principle used is
impedance matching, which ensures that the control
action is designed to match the characteristics of the
system and optimise its performance. This approach
leverages a data-based model of the system, incorporat-
ing an empirical transfer function estimate to capture
its behaviour.

Furthermore, in the state-of-the-art the impedance-
matching theory is leveraged to synthesise controller,
in panchromatic conditions, according to wave-related
characteristic frequencies. Therefore, this study pro-
pose an insight, developing a framework to highlight
the importance of defining a proper interpolating fre-
quency.

To test the proposed methodology, a simple case
study is conducted, illustrating the step-by-step process
involved in achieving a power assessment. The results
demonstrate the practical applicability of the outlined
procedure and highlight the substantial impact of the
mooring system on the overall system dynamics. By
accounting for the mooring system’s influence, the con-
trol synthesis and resulting power output are signifi-
cantly influenced, emphasising the need for an accurate
representation of the mooring system in performance
assessments. Finally, it is important to emphasise that
despite the simplicity of the proposed case study, the
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selection of an inappropriate interpolating frequency in
irregular conditions can lead to a significant decrease
in power output.

We finish by noting that, it is crucial to recognise that
the outlined case study lacks a realistic mechanism for
energy production. In contrast, wave energy systems
with more complex and intricate energy production
mechanisms, such as PeWEC [30] or ISWEC [31], just
to name a few, can exhibit resonant frequencies that
differ from the device’s resonant frequency. In such
cases, the use of a carefully selected interpolating
frequency becomes even more essential in defining a
representative control action.
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