<]
TUDelft

Delft University of Technology

A spectral-domain wave-to-wire model for wave energy converters with a geared rotary
electric generator

Tan, Jian; Lavidas, George

DOI
10.36688/ewtec-2025-818

Publication date
2025

Document Version
Final published version

Published in
Proceedings of the European Wave and Tidal Energy Conference

Citation (APA)

Tan, J., & Lavidas, G. (2025). A spectral-domain wave-to-wire model for wave energy converters with a
geared rotary electric generator. Proceedings of the European Wave and Tidal Energy Conference, 16,
Article 818. https://doi.org/10.36688/ewtec-2025-818

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.36688/ewtec-2025-818
https://doi.org/10.36688/ewtec-2025-818

Green Open Access added to TU Delft Institutional Repository
as part of the Taverne amendment.

More information about this copyright law amendment
can be found at https://www.openaccess.nl.

Otherwise as indicated in the copyright section:
the publisher is the copyright holder of this work and the
author uses the Dutch legislation to make this work public.


https://repository.tudelft.nl/
https://www.openaccess.nl/en

PROCEEDINGS OF THE 16TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 11-17 SEPTEMBER 2025, MADEIRA 818-1

A spectral-domain wave-to-wire model for
wave energy converters with a geared rotary
electric generator

Jian Tan, George Lavidas

Abstract—Numerical modelling plays a pivotal role in
the design and optimization of wave energy converters.
Spectral-domain (SD) modelling has recently received sig-
nificant research interest as a newly emerging numerical
tool. SD modelling is commonly characterized as an exten-
sion of frequency-domain (FD) modelling but can incor-
porate nonlinearities. Thereby, it combines high computa-
tional efficiency and adequate accuracy. Previous studies
have demonstrated the applicability of SD modelling to
a variety of nonlinear hydrostatic’hydrodynamic effects,
including viscous drag force, nonlinear hydrostatic force,
nonlinear mooring force, etc. However, there also exist
influential nonlinear effects in the power generation phase
in wave energy conversion. For instance, previous studies
have demonstrated that the current limit of the electrical
generator could impact the PTO force and the dynamics
of the whole system. Therefore, it is necessary to further
develop the SD modelling to cover the entire wave-to-wire
process in WECs.

In this paper, an SD model is derived to simulate the
wave-to-wire process of a point absorber WEC. A mechan-
ical PTO system coupled with a rotary permanent-magnet
generator is considered for the WEC. Representative non-
linear effects of the wave-to-wire process are incorporated,
including viscous drag force, nonlinear PTO force, and the
current limit of the generator. A nonlinear time-domain
(TD) wave-to-wire model is established correspondingly
to serve as the accuracy reference because it is inherently
associated with higher modelling fidelity. The dynamic
response and the power performance of the proposed SD
model are verified against those of the nonlinear TD wave-
to-wire model. Additionally, the computational efficiency
of the proposed SD model and the TD model is identified
and compared.

Index Terms—Wave energy converter, spectral domain
modeling, wave-to-wire modeling, geared electric generator

I. INTRODUCTION

S a clean energy resource, ocean waves hold im-
mense potential for renewable energy conversion.
However, wave energy converter (WEC) technology
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has yet to reach large-scale commercialization. Enhanc-
ing the competitiveness of existing WECs requires con-
tinuous refinement of their design and technology. Due
to their efficiency and cost-effectiveness, numerical
models play a crucial role in this process, accelerating
WEC development.

Wave-to-wire (W2W) modeling is a numerical ap-
proach used to assess WEC performance [1]. It pro-
vides a comprehensive analysis of the entire energy
conversion process, from wave interactions to elec-
tricity generation [2]. By integrating multiple stages
of energy transformation, W2W models offer deeper
insights than purely hydrodynamic models. Over the
years, several W2W models have been developed and
validated [3]-[5].

While hydrodynamic models typically optimize
Power Take-Off (PTO) parameters to maximize the
absorbed mechanical power [6], [7], recent studies have
shown that this approach does not necessarily lead to
high electrical output, as the efficiency of the electrical
generator also varies significantly with operating con-
ditions [8], [9]. Hence, optimizing mechanical power
absorption does not necessarily equate to optimal elec-
trical power generation. Moreover, generator efficiency
fluctuates with WEC operating conditions [10], [11].
For instance, a linear generator in a point absorber may
achieve 70% efficiency in high-frequency waves but
only 20% in low-frequency conditions. Neglecting gen-
erator dynamics can lead to inaccurate PTO parameter
estimates. Therefore, incorporating electrical generator
modeling into W2W frameworks is essential for more
accurate WEC optimization.

Most existing W2W models operate in the time-
domain (TD) to account for nonlinear effects in power
absorption, transmission, and conversion. However,
since WEC technology is still evolving, design opti-
mization demands extensive computational resources.
Thus, developing more efficient W2W models is critical
to advancing WEC technology towards commercializa-
tion.

Spectral-Domain (SD) modeling has gained atten-
tion as a computationally efficient alternative. Studies
show it can be thousands of times faster than TD
modeling while maintaining an error margin below
5% in operational conditions [12], [13]. Unlike conven-
tional Frequency-Domain (FD) approaches, SD mod-
eling incorporates nonlinear effects through statistical
linearization, assuming a Gaussian system response
[14]. One of its earliest applications involved a flap-
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type WEC with quadratic damping and wave force
decoupling, demonstrating strong agreement with TD
results [12]. Since then, SD modeling has been ex-
tended to account for nonlinear forces such as end-
stop, mooring, viscous drag, Coulomb damping, and
PTO constraints [13], [15]-[19].

Although SD modeling has proven effective for eval-
uating the hydrodynamics of WECs, there is a lack of
work addressing the development of SD modeling to
describe W2W process of WECs. Only recent studies
[20], [21] developed a W2W model entirely represented
in the spectral domain and verified against higher-
fidelity TD models. However, the PTO system of the
developed SD W2W model was limited to a linear
generator, which severely hinders its applications to
different types of WEC designs. Given the variability
of PTO systems applied in WECs, W2W models are
expected to possess wide applicability. In this sense,
further research is needed to bridge this gap.

This work aims to develop an SD model to sys-
tematically evaluate the W2W process of a heaving
point absorber with a geared rotary PM generator. The
proposed model could reveal the statistical properties
of various performance indicators of the WEC system,
such as dynamic motions, mechanical losses, electrical
losses, and produced electrical power. Multiple signifi-
cant nonlinear effects are incorporated in the model,
including PTO force saturation, viscous drag force,
friction losses and the current limit. This work presents,
to the best of our knowledge, the first SD W2W model
to incorporate a rotary PM generator with realistic
nonlinearities. As such, it constitutes the first SD W2W
model of this particular class of PTO systems which
are adopted in WEC prototypes, such as Corpwer. A
corresponding nonlinear TD W2W model is utilized as
the verification reference, and a variety of operation
conditions are taken into account in the verification.

II. WEC SYSTEM DESCRIPTION

The studied WEC concept is illustrated in Figure 1.
The WEC system contains two main components: the
floating captor and the PTO system. The floating captor
is represented by a spherical buoy with a diameter of
5 m. Designed to partially submerge in calm water, the
buoy has a density half that of water. Incoming waves
trigger vertical oscillations, converting wave energy
into mechanical power. Comparatively, the PTO system
converts the mechanical motion of the floater to usable
electrical power. The floating buoy is connected to the
PTO system by a rod. The PTO system consists of a
rack-pinion system, a rotary PM generator and a back-
to-back voltage converter. The linear movement of the
floating buoy is converted to circular motion by the
rack and pinion system, which is then used to drive the
rotary PM generator. The electrical inverter, connected
to the output side of the machine, is implemented as
a three-phase back-to-back converter [22]. The design
of this generator is inspired by the electrical machine
used in the work [23] for a generator concept for wind
turbines. However, it has been scaled down from the
original reference machine to match the dimensions of
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the buoy employed in this study. The scaling process
follows the principle of maintaining an identical force
density per unit area of the active surface of the elec-
trical machines. More detailed information regarding
the scaling of electrical machines can be found in [11].
The machine parameters considered in this study are
outlined in Table I

III. METHODOLOGY

This section first outlines the conventional approach
for deriving the W2W model in the TD context. Then,
it presents the mathematical representation of SD mod-
eling and introduces statistical linearization to incorpo-
rate relevant nonlinear effects.

A. Time-domain approach

1) Representation of incoming waves: Incident waves
are modeled using linear wave theory [24]. Based on
superposition, irregular waves are expressed as

N
Mirr (8) =Y Calwy) cos (k(wj)w — wit + p(w;)) (1)
j=1

where 7;,, is the wave elevation of irregular waves,t
is time, and k(w;), (o (w;), and ¢(w,) represent the wave
number, amplitude, and phase of the regular wave
component at frequency w;. Although this work ap-
plies the JONSWAP spectrum, expression (1) remains
valid for various wave spectra [25]. For a predefined
wave spectrum, the amplitude of the wave component
is related to the wave energy spectrum S¢,, as

Ca (wj) =

2) Hydrodynamic modeling: The floating buoy’s inter-
action with incoming waves is characterized via hy-
drodynamic modeling, with motion restricted to heave.
The buoy’s dynamics in the TD framework follow the
Cummins equation [26]:

25¢, (wj)Aw @

[M-I-MT(OO)]CL(t) Fe(t) + Frack(t) + Frs(t) + Fuis(t)+
/ K qalt — T)u(r)dr
3)
where:

o M is the buoy mass,

o F. the excitation force,

o [}, the hydrostatic force,

o K,q the radiation impulse function,

o F,.qck the reaction force on the rack (related to the
generator force Fj.),

e u and a the buoy velocity and acceleration,

o F,;s the viscous drag force.

The terms M, (c0) and K, .4 represent added mass
at the limit of infinite frequency and the radiation
impulse response function, respectively, derived from
hydrodynamic damping R, (w) and added mass M, (w).
These hydrodynamic coefficients are derived using the
Boundary Element Method (BEM) tool Nemoh [27].
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Fig. 1: Schematic of the spherical heaving point absorber with a bottom-founded geared rotary PM generator

[10].

TABLE I: Specification of the sized generator.

state-space representation [28].

Parameters Symbol Quantities
Maximum average power Pratea 157 kW
Maximum torque Tge 20 kNm
Rated rotation speed - 75 rpm
Rotor radius Tr 0.41 m
Rotor yoke height Ry 40 mm
Rotor pole width brp 82 mm
Stack length ls 0.4m
Air gap length 3.6 mm
Stator slot width bss 15m
Stator yoke height hsy 40 mm
Stator slot height hss 80 mm
Magnet pole width by 79 mm
Magnet pole pairs D 13
Magnet thickness I 15 mm
Recoil permeability of the magnets Hrm 11
Remanent flux density of the magnets Brm 1.1 Tat 85 °C
Iron loss per unit mass Preo 49 W/kg at50 Hzand 1.5 T
Copper resistivity PCu 0.0252 pQm at 120 °C
Copper fill factor ksril 0.6
Number of conductors per slot N; 6
Number of slots per pole per phase N, 1
To enhance computational efficiency, the convolution
integral of the radiation force is approximated using a
_Rracku(t)a lf |Rptou(t)| < Frack'm
Following [17], the viscous drag force is approxi- _
F, rack (t) -

mated as a quadratic damping force:

P = —%pCDAD|u(t)|u(t) @

where p is water density, Cp the drag coefficient,
and Ap the buoy’s characteristic area perpendicular
to motion. The drag coefficient values are based on
[29], which studied a geometry identical to the present
work.

The maximum torque that the rotary generator could
produce imposes a force limit on the rack. In other
words, the rack force from the PTO system to the buoy
will be saturated once it goes beyond the limit. In this
sense, the rack force F,,.; is given as:

Sign[_u(t)]Frack:m; lf |Rrack:u(t)‘ > Frackm
©)

where F,c;, denotes the maximum force limit that
the generator could provide via the rack and pinion
system to the floater.

3) Rack and pinion modeling: The rack-pinion mecha-
nism converts the linear motion of the floater to circular
motion, driving the rotary generator. The kinematic
relation between the rack and pinion is expressed as

Wp = Rrpu’r (6)
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where w, is the angular velocity of the pinion, R, is
the rack-pinion gear ratio, and u, is the velocity of the
rack.

The shaft torque of the pinion 7, can be related to
the force on the rack as

Frack = _Rrpr (7)

As the pinion is directly connected to the generator,
the generator torque is equal to the pinion torque,
expressed as

Tp = Tge 8)

Similarly, there exists the relation:
Wp = Wge 9)

where wg. is the speed of the rotor of the rotary
generator.
Substituting (8) into (7) gives

Frack = _RrpTge (10)

Substituting (9) into (6) gives
Wge = Rrpur (11)

4) Generator modeling: In this study, an analytical
electrical model is utilized to evaluate the performance
of the linear generator. The primary function of the
linear generator is to convert the absorbed mechanical
energy into usable electricity. The design parameters
of the generator can be found in Table I. According to
[22], the responses of the generator to the motion of the
buoy can be described using an analytical model. As
the buoy’s movement causes relative motion between
the translator and stator of the machine, it induces a
no-load voltage, which can be calculated as follows:

Ep(t) = V2w (t)prls Nk | Bgm| (12)

where B, is the fundamental space harmonic of the
magnetic flux density in the air gap resulting from the
magnets [22], p is the number of pole pairs, r, is the
radius of the rotor, I, is the stack length, N, is the
number of conductors per slot, and k,, is the winding
factor.

The iron losses are dependent on the generator fre-
quency, which can be calculated as

B2 Bsy 2 f e

PFes—PFeO[MFest(B()) +MFesy<BO) }fO (13)
where Pp.o is the iron loss per unit mass at the
frequency fy and flux density By, Mpest and Mpes,
are the mass of the stator teeth and the stator yoke
respectively; f. is the electrical generator frequency
which is dependent on the mechanical angular speed
of the rotor, and By; and Bsy embody the fundamental
space harmonic of magnetic flux density in the stator
teeth and yoke. B and Bsy can be calculated as

Ts

Bst = BgmlT (14)
t

Bsy = Bg'mi (15)
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where 7, and 7, are the slot pitch and pole pitch; b,
and h,, are the tooth width and stator yoke height.
The generator frequency is calculated as

7lu(t)|

Tp

The power taken by the generator winding is ex-
pressed as the balance of absorbed mechanical power
from iron losses, and it is expressed as

Pwd == Tge(t)wge(t) - PFes - Pfri (17)

where Pj,; is the friction losses due to mechanical
wear. During operation, the iron and friction losses
are negligible compared with the absorbed power [10].
Besides, in order to achieve higher system efficiency,
the stator current I is mostly regulated to be in phase
with the no-load voltage E, [22]. Therefore, (17) can be
updated as

Pud % Tye(Dwge (t) = mE, (t)I(t) (18)

where m represents the phase number of the electrical
machine, and it is three in this case. It can be deduced
from (18) that the linkage between the generator mod-
eling and hydrodynamic modeling is built based on
the balance between the power taken by the winding
and the absorbed mechanical power. Substituting (12)
to (18) gives the expression of the stator current:

Tge(t) (19)
m\ﬁpTrlstkw |B9m‘

In electrical machines, there is an additional nonlin-
earity introduced by the electronic components, specif-
ically the stator current limit [jy;. When the stator
current approaches the limit, it reaches a saturation
point and cannot increase further. The stator current
limit is typically implemented to prevent the generator
from overheating. It plays a significant role in deter-
mining the delivered grid power and overall system
performance. Therefore, accounting for this effect is
crucial in accurately evaluating the system’s perfor-
mance and ensuring its proper operation. As observed
from equation (19), the stator current is directly linked
to the PTO force. Consequently, the saturation of the
PTO force is intrinsically influenced by the current
limit. The impact of the current limit is equivalent to
that of the PTO force limit in hydrodynamic modeling.
Hence, there is no need to separately incorporate the
stator current constraint in the generator modeling.
For a given electrical machine, the force limit 74, ,
is correlated with the stator current limit I, in the
following manner:

L(t) =

Tgem — m\/iprrlstkw|Bgm|Ilimit (20)

After the current I, is derived, the copper losses can
be calculated as

Peopper(t) = m[f(t)Rt (21)

where R; is the stator phase resistance. For simplifica-
tion, the converter losses P, are assumed to be only
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related to the generator side in this model, which can
be expressed as

_ Pconvm |Is(t)‘ Is(t) 2
Peonv = =37 [1+20 T +10(—Ism)} (22)

where P,,,um is the power dissipation in the converter
at the rated operating point, and it is assumed to be
3 % of the converter’s rated power [30]; I,,, is rated
current of the converter. In (22), the first term is a
small constant part standing for the power dissipated
in power supplies, gate drivers, control, and cooling
system; the second term accounts for the major part
that is proportional to the current, and this part is
mainly related to the switching losses and conduction
losses; the third term is proportional to the current
squared, which corresponds to the conduction losses
[30].

The friction losses of the rack and pinion system are
assumed to be proportional to rotor speed, and it can
be expressed as

|wge (t)]

rated

Pgea’r(t) - Pgear’m (23)
where wyqtcq is the rated speed of the generator, Pyeqrm
is the friction losses of the rack and pinion system at
the rated speed of the rotor, and it is assumed to be 1
% of the rated power of the generator, referring to [23].

As the electrical losses have been derived, the elec-
trical power delivered to the grid can be expressed as

Pgrid(t) = Pwd(t)_Pcopper (t)_PFes (t)_Pgear(t)_Pconv (t)

(24)

B. Spectral-domain approach

SD models are developed within the framework of
FD modeling. In SD modeling, nonlinear effects are
represented by equivalent linear coefficients in the
equations of motion. These equivalent linear coeffi-
cients are determined through the process of statistical
linearization. Previous studies in the literature have
primarily focused on using SD models to predict the
hydrodynamic responses of WECs [12], [15], [17], [31].
However, in this subsection, the SD modeling approach
is extended to encompass the responses of electrical
machines as well. The typical nonlinear effects arising
from the electrical generator are linearized and incor-
porated into the SD model. By integrating these devel-
opments, the derived model allows for the calculation
of the entire wave-to-wire responses using a purely SD
approach. Figure 2 provides a visual representation of
the structure and solution process of the proposed SD
W2W model.

1) Hydrodynamic modeling: According to Newton’s
second law, the motion of the WEC as a rigid body
in FD can be described as

Fo(w) = [Rr(w) 4+ Rrack,eq + Ruis,eqlt(w) + iwt(w)[ M+
My ()] + t(w)(— 22
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where R, (w) is the hydrodynamic damping coefficient,
Ry qcr is the PTO damping coefficient, w is the angular
wave frequency, M, (w) is the added mass of the buoy,
4 is complex amplitude of the vertical velocity, Kjs
is the hydrostatic stiffness, and Rrqck,eq and Ruyiseq
represent the equivalent linear coefficients for the PTO
force saturation and viscous force. Then, by solving
(25), the complex amplitude of velocity @ could be
obtained as

Fe(w)
Ry (w) + Rrack.eq + Rvis,eq + iw[M + M, (w)] — iZre
(26)
In a predefined wave spectrum, the amplitude of
the wave component is related to the wave energy
spectrum S¢, [32], as

(27)

Ca(wj) = 2SCa (wj)Aw

The variance of the wave elevation ¢¢,, is calculated as

N
02, = S, (wj)Aw (28)
j=1

where o¢, is the standard deviation of the wave eleva-
tion. Similarly, as the velocity amplitude of WEC cor-
responding to each wave component can be obtained
by (26), the standard deviation and spectral density of
the WEC response can be calculated. Then, the mean
absorbed power can be derived as

‘ 2

M=

ﬁab = Rrack,eq |ﬁ(o~)])

1
2
1

<
Il

(29)

|
.MZ

Il
—

Rrack,eqSu (Wj)AW
J

2
= Rrack,eqau

where S, and o, denote the spectral density and
standard deviation of the velocity of the WEC.

2) Generator modeling: While the hydrodynamic
model described earlier is capable of predicting the
mechanical power absorbed by the buoy, it does not
capture the conversion of absorbed power into de-
livered electrical power, which is influenced by the
electrical responses of the system. However, by assum-
ing random phase distribution of wave inputs to the
WEC system, it is feasible to represent the generator
responses within the framework of SD modeling. This
allows for the inclusion of electrical aspects and facili-
tates the description of the generator’s behavior in the
SD context.

Based on (12), the complex amplitude of the no-load
voltage in each frequency component is expressed as

Ep(w) = V2u(w)prls Nokuw| Bym| (30)
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Nonlinear effects

PROCEEDINGS OF THE 16TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 11-17 SEPTEMBER 2025, MADEIRA

Input:

wave spectrum

: ) : Stochastic
1 Viscous drag:  F;(t) | linearization
1

1
\Rack force limit: Frack (1))

Rvis,eq (o-u)

Rrack,eq (O-u)

Hydrodynamic
modeling (FD based)

Generator current limit:

< tolerance
yes

Generator modeling

(FD based)

Output:

Fig. 2: Diagram of the proposed SD wave-to-wire modeling.

The power taken by the generator winding, namely
P4, at each frequency component is calculated as

Pwd(w) = %Re{prack(w)a*(w)}

= S Fraer(@)lie)] 6
1

= 5 Rrackcal )

Thus, the magnitude of the complex amplitude of
the stator current at each frequency component can be
calculated as

S Rrack,eq|ﬁ(w)|2
I(w)] = —rackea )T 32
15 (w)] )] (32)

As the effect of the PTO force limit has been incorpo-
rated by the equivalent linear coefficient R, qcr eq, the
current limit is therefore taking effect correspondingly.
Then, the standard deviation of the stator current is
derived as

(33)

At this stage, the hydrodynamic, mechanical and
electrical responses of the system can all be estimated
using the SD modeling approach described earlier.
However, to gain a deeper understanding of the gener-
ator’s performance, it is necessary to determine the me-
chanical and electrical losses in the power transmission

stages in the spectral domain context, consistent with
the expressions used in the TD approach. Specifically,
the gear friction losses in the rack and pinion system
are calculated as

— W,
Pgea'r =< Pgearm | g€|

>

Wrated
(34)
P,
— gearm < |(Uge| >
Wrated

As wg. is assumed to be a Gaussian variable, the
expected value of its absolute value is expressed as

[2
< |CUge| >= _O.Wge (35)
m

The copper losses of the generator can be calculated as
follows:

Peopper =< mIZR; >
(36)

= mRtai

Assuming that the variable I, follows the Gaussian
distribution, it gives

2
<|I| >= \/jajs (37)
71'
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This enables the prediction of the converter losses,
expressed as

— 1 20
Pcon'u = 7Pcon'um + 7Pconvm < |Is| > +
31 315,
0 )
7Pcon'um I
3112 <t

sm

The iron losses are calculated as

— B,
Ppes = F)FeO[rnFest(it)2 +mFesy(

Bsy)z] < fo>
By

By fo
(39)
where < f. > can be related to the standard deviation

of the absolute value of the buoy velocity, and assum-
ing the Gaussian assumption of the response gives

27
< fe > =< 277_1)|Wge|7n'r >

2
Il lul > Rypry
27p (40)

T /2
= —1\/ —Ou R'r‘prr
Tp ™

Therefore, the mean grid power can be derived as

ﬁgrid = Fwd - ﬁcopper - FFES - ﬁgear - ﬁconv (41)

3) Statistical linearization: The procedure for imple-
menting statistical linearization of the relevant non-
linear effects in the hydrodynamic stage has been
demonstrated in previous references [12], [13], [17].
Therefore, in this discussion, we will only provide a
brief overview of the derivation of equivalent linear
coefficients.

In the hydrodynamic stage, the equivalent linear
coefficients Rpackeq and Ryiseq are considered to rep-
resent the effects of PTO force saturation and viscous
force, respectively. The principle behind linearization
is to achieve a balance between the expected value
of the dissipated power and the power dissipated
by an equivalent linear term. According to [12], the
equivalent coefficient of a generic nonlinear force Fyon
in the hydrodynamic modeling can be calculated as
follows:

__ OFuon(u)
Reg=<—3,— >
(42)

- /00 78F7gz(u)p(u)du

— 00

where F,,, embodies the concerned nonlinear force,
and p(u) is the probability density function of the
response u. Assuming the Gaussian process of the
response, the probability density function is expressed
as

u?

1
p(u) = m eXP(*@)

With (43), the equivalent coefficients can be derived
according to (42).

(43)
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IV. MODEL VERIFICATION

This section presents the simulation results of the SD
W2W model, validated against the TD model across
various wave conditions. Figure 3 compares the stan-
dard deviation of the buoy velocity, the stator current,
and the no-load voltage, along with the relative errors
of the SD model. The maximum errors are 5% for
the stator current, 6% for the no-load voltage, and 3%
for the buoy velocity, increasing slightly with higher
wave heights due to intensified nonlinear effects. The
results present the demonstration of the effectiveness
of the proposed model in estimating the dynamic and
electrical responses of the WEC system.

o
©

—©-8D,Tp=7s |
—e—TD, Tp=7's

— A -8D,Tp=10s
—&—TD, Tp=10's =]
— & -SD, Tp=13s
—=—TD, Tp=13s == _=H

s
o
o

Standard deviation of u_(m/s)
\
\

1 5 2 25 s 35 4
Hs (m)
(a) Buoy velocity

[[-e-sD, Tp=7s |

60

P

—e—TD, Tp=7's
— A -8D, Tp=10s
—4&—TD, Tp=10's

50— & 8D, Tp=13s
—s—TD, Tp=13's

Standard deviation of E_(V)
w
o

1 1.5 2 25 3 3.5 4
Hs (m)

(b) No-load voltage

—e-SD,Tp=7s |
—©—TD, Tp=7s

< — & -SD, Tp=10's
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Fig. 3: The standard deviation of the responses of the
WEC in different wave states of the SD W2W model
to the TD W2W model. (Bp, = 100 kNs/m)

The W2W modeling framework enables a detailed
assessment of power conversion efficiency across the
entire system operation. To more comprehensively
demonstrate the capability of the established SD W2W
model, the losses at each power transmission stage, the
electrical power supplied to the grid, and the corre-
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Fig. 4: Grid power, copper losses and power conversion
efficiency of the WEC in different wave states and
the relative errors of the SD model to the TD model.
(Bpto = 60 kNs/m)

sponding conversion efficiencies are evaluated against
those evaluated by the TD model. Power conversion
efficiency, measured as the ratio of electrical power
delivered to the grid to the mechanical power absorbed
by the floater, is a key performance metric in the
performance assessment of WECs. Figure 4 presents

the power, losses and the power conversion efficiencies
estimated by the SD W2W and TD W2W models.
Additionally, the relative errors of the proposed SD
model to the TD W2W model are identified in Figure
5, in which their estimations of the grid power are
taken into account. It is visible that the proposed SD
model closely aligns with the TD model in estimating
the results in different operation stages, maintaining
relative errors below 6% even at a significant wave
height of 4 m and under 2% for milder sea states
(Hs < 2.5 m). These observations imply that the
SD model’s reliability in estimating power conversion
efficiency. As a consequence, the proposed SD W2W
model can be applied as an effective alternative to
the TD W2W models to analyze the systematic per-
formance or perform design optimizations of WECs.

6 %

5%

54%

3%

Relative err

2%

1%t

1 115 2 215 C; 315 4
Hs (m)
Fig. 5: The relative errors of the established SD W2W
model to the TD W2W model with regard to the grid
power estimation.

V. COMPUTATIONAL EFFICIENCY

Simulating the whole W2W process in the con-
ventional TD modeling approach is particularly time-
demanding. Comparatively, the most featuring merit
of the SD modeling is high computational efficiency
compared to its reference TD modeling. Figure 6 shows
the computational time of the proposed SD W2W
model normalized to that of the applied TD W2W
model. It is noted that the normalized computational
time decreases with lowering the iteration tolerance in
the SD W2W model. The reason is that lower tolerance
requires a larger number of numerical iterations. Nev-
ertheless, the SD W2W model is over thousand times
faster than the TD W2W model while the tolerance is
defined as strict as le™3

VI. CONCLUSION

A spectral-domain (SD) wave-to-wire (W2W) model
is developed for a spherical point absorber using a
rotary PM generator coupled with a rack and pinion
system. Statistical linearization accounts for nonlinear
effects in both hydrodynamic and electrical stages. The
proposed SD W2W model can be used to estimate
the statistical forms of responses, losses and power in
different power transmission stages.

The proposed SD W2W model offers not only high
computational efficiency but also adequate accuracy.
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Fig. 6: The computational time of the SD W2W model
to that of the TD W2W model. The simulation case was
run with inputs of Hs = 3m and T'p = 7s.

Given a reasonable iteration tolerance of le=® imple-
mented in the SD W2W model, it outperforms the
corresponding TD W2W model by over 1000 times in
speed. In addition, the SD W2W model is validated
against a nonlinear TD W2W model, demonstrating
high accuracy and computational efficiency, with rel-
ative errors below 6 % under typical WEC operating
conditions.

Given the verified accuracy, the proposed SD W2W
method can be generalized in the future to tackle other
types of PTO mechanisms or multi-degrees-of-freedom
WECs. In addition, the proposed model is only verified
against a higher-fidelity TD model in the current work.
An experimental validation could better confirm the
performance of the SD model.
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