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Parameter-Varying Hydrodynamic Model of a Single Vane in a
Variable-Geometry Oscillating Surge Wave Energy Converter

Tania Demonte Gonzalez!, Nathan Tom? and Gordon G. Parker!

Abstract— This paper presents a preliminary study on the
parameter-varying hydrodynamic modeling of an individual
vane of a variable-geometry oscillating surge wave energy
converter (VGOSWEC). The WEC design incorporates con-
trolled surfaces that can modify their orientation relative to
the wave motion, reducing hydrodynamic pressure and related
loads. This research focuses on characterizing the behavior
of the oscillating WEC using a simplified model and three
methods for achieving a continuous parameter-varying model:
coarse hydrodynamic parameters, interpolation of hydrody-
namic parameters, and a fitting function. The results of this
study contribute to the understanding of parameter-varying
hydrodynamic effects in variable geometry oscillating WECs.
The findings provide insights into the potential for reducing
structural loads and improving the overall performance of
such devices. Further research and development in this area
could lead to advancements in WEC technologies, enabling their
integration into the competitive energy market.

I. INTRODUCTION

Wave Energy Converters (WECs) are devices designed to
harness the kinetic energy of ocean waves and convert it into
useful forms of energy, such as electricity. There are various
types of WECs, but they all share a fundamental working
principle: the utilization of a mechanical system known as
the Power Take-Off (PTO) system to transform wave energy
into useful power.

During the past decades, researchers have been focusing
on reducing the levelized cost of energy (LCOE) to advance
WEC technologies from government-funded research to the
competitive energy market. Much effort has been put into
optimizing PTO designs and control strategies to minimize
LCOE. However, one of the major cost drivers in WECs is
the structural components [1], which account for approxi-
mately 37-52% of the LCOE, while the PTO is estimated
to contribute around 8% [2]. Hence, in order to achieve a
significant reduction in LCOE, it is essential to optimize the
structural design. Oscillating surge WEC (OSWEC) devices
are designed to be deployed near shore, where they must
withstand extreme sea conditions that result in increases
in structural loads. Therefore, the potential reductions in
LCOE might only be accomplished once the WEC structure
incorporates an enhanced load-shedding capability.

*This work was supported by the U.S. Department of Energy under
Contract No. DE-AC36-08G028308 with the National Renewable Energy
Laboratory. Funding for the work was provided by the DOE Office of Energy
Efficiency and Renewable Energy, Wind and Water Power Technologies
Office

1Mechanical Engineering-Engineering Mechanics, Michigan Technolog-
ical University, Houghton, MI 49931, USA tsdemont@mtu.edu,
ggparker@mtu.edu

2National Renewable Energy Laboratory, Golden, CO 80401, USA
nathan.tom@nrel.gov
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In recent studies, researchers at the National Renewable
Energy Laboratory (NREL) have developed a novel WEC
that combines a surge wave energy converter with controlled
surfaces [3], [4]. The proposed design incorporates identical
actuated vanes to the general shape of a traditional OSWEC.
The main flap is hinged at the bottom and holds four ellipsoid
vanes that can rotate as shown in Fig. 1, resulting in a
variable-geometry oscillating surge wave energy converter
(VGOSWEQC). The device has the capability to modify the
surfaces perpendicular to the motion of the waves, resulting
in a decrease in hydrodynamic pressure and related loads.

Several authors have explored various aspects of this novel
VGOSWEC. For instance, Tom et al. [5] developed a pseudo-
spectral control algorithm to maximize energy and reduce
loads of a VGOSWEC, Huseain et al. [6] investigated the
impact on the performance by elevating the VGOSWEC
structure, and Choiniere et al. [7] conducted experimental
testing on the VGOSWEC to analyze the difference in
hydrodynamics when compared to a traditional OSWEC.
These studies have demonstrated the potential of VGOSWEC
to reduce loads when the device transitions from power
production mode to survival mode. Here, survival mode
refers to the operational state when the OSWEC shelters
itself to prevent damage or failure rather than generating
power.

In the papers aforementioned, the authors have primarily
modeled the VGOSWEC using linear hydrodynamic mod-
els with a static configuration of the vanes. This research
presents a preliminary investigation focused on character-
izing the behavior of the VGOSWEC using continuous
parameter-varying models, where the hydrodynamic param-
eters vary dynamically with the vane position.

Considering the investigative scope of this study, a simpli-
fied model focusing on a singular vane of the VGOSWEC
is adopted. Previous research has developed configuration-
dependent models like in [8], [9], and [10]. Similar methods
are employed in this work to develop parameter-varying
models based on multiple linear time-invariant (LTI) models
obtained for various vane positions [11]. Three distinct
methods are used to create continuous parameter-varying
models. The first method involves switching between the
coarse hydrodynamic parameters obtained from the boundary
element method (BEM) solver WAMIT [12] based on the
vane rotation. The second method interpolates the hydrody-
namic parameters across the rotation of the vane at a finer
angle increment. Finally, the third method uses a function
for the hydrodynamic coefficients using a least-squares fit.
All methods are analyzed and compared to a traditional LTI

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



model with a static vane for different regular waves.

The paper is organized as follows. Section II describes the
derivation of the hydrodynamic models, Section III shows the
results of the simulation, and finally, Section IV presents the
conclusion and future work.

t

Fig. 1. Oscillating wave energy converter with controllable surfaces with
individual vane modeled highlighted. [3]

II. HYDRODYNAMIC MODELING

The rotating vane is a one-degree-of-freedom system that
can be modeled as an oscillating surge WEC; however, in-
stead of being hinged at the bottom like traditional OSWECs,
the vane is hinged in the center of the geometry and can
therefore complete full rotations. The general equation of
motion in the time domain can be described using Newton’s
second law:

IC=Te+Tr +Th + Tm e}

where I is the vane’s constant mass moment of inertia about
its rotation axis whose geometric parameters are given in
Table I. The vane angular acceleration is denoted ( , Te 1S the
excitation torque caused by the incident waves, 7, is the wave
radiation torque due to pitch motion, 73 is the hydrostatic
restoring torque, and 7, is the applied mechanical torque.
For small rotations from a linearized orientation, the
hydrostatic restoring torque can be described as:

™ =—C(()¢ (©))

where C is the hydrostatic restoring coefficient, which is
obtained using WAMIT [12] for vane angles ranging from
0° to 90°.

The Cummins equation [13] is used to represent the linear
hydrodynamic wave radiation torque in the time domain, and
it can be expressed as:

e t .
= — i (O — / K .(Ct-n)imdr ()

where (i (¢) is the pitch added mass moment of inertia at
infinite frequency, and K,.({) is the pitch radiation impulse

2

response function (IRF). Like C, they were both computed
for a range of vane angles.
The excitation torque is
(o)
= [ KGt-umdr @
— 00
where 7 is the wave elevation and K,.(¢) is the excitation
torque IRF that was also computed for a range of { values.

A torsional spring was implemented at each vane given by
Equation 5.

(&)

where k,, is the spring stiffness coefficient. Combining
Equations (1)—(5), the resulting one-degree-of-freedom pitch
equation of motion is:

Tm = —km ¢

[T+ 1o (€] €

—0(0)¢ - /0 K (Gt - 1)i(r)dr

o (6)
+/ Ke(C7t - T)W(T)dT - k’m C

TABLE 1
GEOMETRIC PARAMETERS OF A SINGLE CONTROLLABLE SURFACE.

Water Depth 10.00 m
Vane Minor Axis 0.33 m
Vane Major Axis 2.00 m

Vane Width 4.50 m

Moment of Inertia, I  672.7 kg

In summary, the configuration-dependent hydrodynamic
parameters (oo (C), C(C), K,(¢), and K.(¢) vary due to
changes in vane angle ¢. They were obtained for 18 vane
angles from 0° to 90° and interpolated during simulation at
intermediate points. This modeling approach assumes certain
flow conditions that deviate from traditional BEM solvers
like WAMIT. However, the primary objective of this study
is to assess the potential consequences that may arise when
combining LTT models using interpolation and curve fitting.
Previous studies have shown that there is a noticeable reduc-
tion in these hydrodynamic coefficients when comparing the
0° configurations with all other configurations [6], [7]. This
has been attributed to the decrease in pressure exerted on the
vane as it opens and allows more flow.

The change in 7, and 7, is most significant between 0° and
20°, which is illustrated in Fig. 3 , via the radiation damping
coefficient b({,w) associated with K,.(¢) through Equation
(7) [14]. Therefore, K,.(¢) and K.({) were obtained from
0° to 20° every 2°, and from 20° to 90° every 10°. The
fine angles vane rotations in the £20° range are represented
by dash-dot lines while the coarse range of angles every
10° is represented with a solid line. This figure shows the
decrease in amplitude of the radiation coefficient as the vane
transitions from a fully closed (( = 0°) to a fully open
configuration (¢ = 90°). Moreover, within the +20° range,
there is a distinct, rapid variation in the radiation coefficient.

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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b(¢,w) = /000 K,.(¢,t — 1) coswdr

Fig. 2. Mesh of the modeled vane at discrete angles ¢ every 10°.
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Fig. 3. Radiation Damping Coefficient b(¢,w) at different vane angles.
The coefficients of ¢ every 10° is represented with a solid and marker line
and the coefficients for ¢ every 2° in the £20° range are represented with
a dash-dot line.

A. Parameter Interpolation

Under regular waves, all of the hydrodynamic parameters
that depend on ( can be linearly interpolated between grid
points. The variation of 1. (¢) and C({) are symmetric
about ( = 0° as the vane pitch angle changes. Interpolation
was done in MATLAB using interpl for a fine range of ¢
from 0° to 90° with an increment of 0.5° forming a one-
dimensional table lookup.

The radiation torque can be approximated using a state-
space model to include the transient dynamics [15]. The
Fourier transform of the wave radiation IRF 7, at each pitch
angle can be represented as

3

Rnalio) = 225
_ SR b e (i) 2 (M) K
()oY g (i) om0
where n=1,2,..N

®)

where Ap ,(iw) and B ,(iw) are the denominator and

numerator polynomials, respectively, of the wave radiation

kernel of which ag , x(iw) and by, (iw) are the respective

coefficients, and gr(n) is the order of the wave radiation IRF
Fourier transfer function at pitch angle (.

Similarly, the wave exciting torquecan be represented as
the set of the Fourier transforms functions Kg , (iw) of the
wave-excitation moment IRF 7, .

The coefficients of Kg ,(iw) and Kpg ,(iw) are derived
using the identification scheme based on Hankel singular
value decomposition (SVD) [16], which is available in the
MATLAB function imp2ss. This function has a limitation
regarding the ability to select the state-space order manually.
Therefore, a model reduction technique was employed using
the MATLAB function balred.

The configuration-dependent coefficients of the wave-
excitation and wave-radiation IRFs were obtained by inter-
polating the coefficients of the corresponding sets of Fourier
transforms, Kg ,(iw) and Kp,(iw), respectively. In the
case of the wave-radiation IRF, the orders of the transfer
function numerator and denominator remain constant for all
pitch angles ¢, denoted as qr(n) = 6.

The excitation torque 7. is not symmetric about ( =
0° since there is a change in the phase of the excitation
moment depending on the vane position. In addition, the
wave-exciting torque IRF K. in Equation (4) is non-causal,
requiring the computation of this term to be done separately
from the rest of the simulation. Therefore, the excitation
torque was evaluated at each ( for different wave elevations,
which were then interpolated across the different pitch angles
¢ and time ¢, forming a 2D lookup table. The range of (
was considered from —90° to 90° , and the interpolation was
done every 0.5°. The excitation moment surface for a regular
wave of amplitude 1.5 m and frequency of 1 rad/s is shown
in Fig. 4. In this figure, it can be observed from (a) that the
greatest change in amplitude of 7, occurs between +20°, and
from (b) the change in the phase of the excitation moment.
Note that to avoid large transient responses on the excitation
moment, the simulation included a ramp of 25 seconds on
the input wave elevation. The interpolated excitation moment
is used for both the interpolated and the curve fit method.

B. Least-squares fitting functions

The interpolated parameter-varying model developed has
the advantage of being more accurate when compared to the
coarse parameter-varying model; however, due to the large
size of table look-ups for each hydrodynamic parameter, it re-
sults in a more computationally expensive model. Therefore,

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 4. Excitation torque for a wave 7n(t) = 1.5sin(t).

a third model was developed where the PV hydrodynamic
parameters are functions of the pitch angle (.

The curve fitting was done using polyfit in MATLAB. This
function uses the least-squares method to fit a polynomial
curve to data points. It calculates the Vandermonde matrix,
solves a linear system of equations, and finds the polynomial
coefficients that minimize the sum of squared residuals
resulting in the least-squares best curve fit.

The changes in oo (¢) and C(¢) with respect to the pitch
angle are symmetric around ¢ = 0° [9]; hence, the fitting
function can be expressed using the absolute value of (. The
polynomial order is 6 for both p.(t) and C(t).

Similarly, a fixed-order fit was used for each of the
coefficients of the numerator Br and denominator Ag in
Equation (8) across all . The polynomials are expressed as:

N(Ar)
aps(t) = Y parslC(t)|NANF ©)
k=0
and
N(Br)
bro(t) = > perslC)NEIE (10)
k=0

where V4, and Np, are the order of each polynomial, and
par and pp,. are the respective polynomial coefficients. Fig.
5 shows the interpolation and curve-fitted function of the 7th
coefficient of Equations (9) and (10). It is easy to observe
from this figure the significant change of the coefficients
between the region of £20°. This trend is also observed in
the rest of the coefficients.
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Fig. 5. 7th coefficient of the radiation transfer function for each ¢ and
their interpolation and curve-fitted function.

III. RESULTS

The simulation was run for different regular wave pro-
files comparing differences between the LTI and the three
parameter-varying models: coarse, interpolation, and curve
fit. The hydrodynamic parameters used for the LTI model
were those corresponding to a fully closed vane configuration
at ¢ = 0°.

To characterize the effect of the incident wave amplitude
and frequency on the total hydrodynamics and the response
of the oscillating vane, three results are shown. The first two
cases have the same wave frequency, but the amplitude is
0.5 m for the first case, and 4 m for the second case. These
results are plotted in Fig. 6 and Fig. 7 respectively, and they
depict the effect of increasing the wave amplitude at a low
wave frequency of 0.5 rad/s. The third case, shown in Fig. 8§,
is the response of the vane to a higher frequency wave at 1.5
rad/s for the same wave amplitude as the first case of 0.5 m.

The total hydrodynamic torque 7r is the sum of all the
terms on the right-hand side of Equation (6) besides the
mechanical torque 7,,:

(I+,uoo(€))C:TT_kmC (11

The mechanical spring coefficient k,, was adjusted ac-
cordingly to each wave elevation to prevent vane rotations
outside the +90° range. For the first case k,, = 5 kNm/rad,
for the second case k,,, = 10 kNm/rad, and for the third case
k., = 15 kNm/rad.

The results in Fig. 6 show the difference in the vane
rotation, total hydrodynamic torque, and mechanical torque
when comparing the LTI model with PV models. In scenarios
with minimal wave elevation, the difference in the amplitude
of the rotation of the vane is not very significant. When
comparing the PV models, the interpolated and curve fit
results are near-identical, whereas a noticeable contrast is
seen with the coarse PV model.

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 6. Simulation results for a low frequency w = 0.5 rad/s and low
amplitude o« = 0.5 m wave elevation with k,, = 5 kN m/rad.

The interpolated and curve fit models are similar because
they both implement the same interpolated excitation mo-
ment, which represents the primary contributor to the total
hydrodynamic torque. The PV coarse model results, on the
other hand, present higher frequency content on the total
hydrodynamic torque compared to the other models. This is
attributed to the substantial shift in hydrodynamic parameters
within the 4+20° range, leading to more pronounced tran-
sients in the radiation term and larger peaks on the excitation
moment.

The second case examines how the vane responds and how
the hydrodynamic torque changes to a high-amplitude wave.
As illustrated in Fig. 7, a significant difference becomes
evident between the LTI model and the PV models. This
suggests that employing the LTI model for significant wave
conditions would lead to substantial inaccuracies in the
dynamic model. The non-sinusoidal response of the vane of
the PV models is mainly due to the shift in phase of the wave
excitation torque. Additionally, Fig. 7 demonstrates that the
total hydrodynamic torque experienced by the rotating vane
is potentially much lower than that experienced by a fully
closed vane, resulting in the desired load-shedding behavior
for high-amplitude waves.

Both the interpolated and curve fit models yield remark-
ably similar results, with the primary distinction being in
computational demands. The interpolated model uses ex-
tensive and computationally expensive lookup tables for
all parameter-varying parameters, whereas the curve-fitting
model relies on functions to estimate these parameters.

5

(a) Vane Position

50

LTI

PV Coarse

PV Interpolation
PV Curve Fit

2

85
Time (s)
(b) Total Hydrodynamic Torque
T T T T T

Torque (kN-m)

70 80 85
Time (s)

55 60 65 90

Torque (kN-m)

Time (s)

Fig. 7. Simulation results for a low frequency w = 0.5 rad/s and high
amplitude o« = 4 m wave elevation with k,, = 10 kN m/rad

The final case, depicted in Fig. 8, explores the system’s
response to low-amplitude, high-frequency waves. Similar
to the previous case, there is a notable disparity between
the LTI model and the PV models. The total torque of the
coarse model exhibits a significant amount of high-frequency
content attributed to the radiation force. It is important to
note that the coarse model’s similarity to the interpolated and
curve fit methods is attributed to the use of finer discretiza-
tion angles in the high-transition region of hydrodynamic
parameters. Otherwise, this model’s performance would not
be as favorable.

IV. CONCLUSION

This study provides valuable insights into the dynamics
of the VGOSWEC through the application of continuous
parameter-varying hydrodynamic models. VGOSWECs hold
significant promise in advancing wave energy conversion
technology, particularly in the quest to reduce the LCOE
[4].

The research shows that the traditional LTI model, while
suitable for some scenarios, tends to exhibit inaccuracies,
particularly when confronted with significant wave condi-
tions. This highlights the critical importance of employ-
ing parameter-varying models in capturing the behavior of
VGOSWECs under varying wave amplitudes and frequencies
when evaluating the trade-offs of pursuing real-time control
of variable geometry modules.

Three parameter-varying models were analyzed: a coarse
model, an interpolated model, and a curve fit model. The

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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interpolated and curve fit models demonstrated remarkable
similarity, primarily attributed to the use of the same inter-
polated excitation moment, a significant contributor to the
total hydrodynamic torque. Meanwhile, the coarse model
exhibited a higher frequency content, due to the abrupt
change in the values of the hydrodynamic parameters within
a specific vane angle range. The results of this study highlight
the potential benefits of VGOSWEC technology, particularly
in load-shedding behavior under high-amplitude and high-
frequency waves. This behavior, observed as a substantial
reduction in the total hydrodynamic torque, has the capacity
to significantly reduce the costs associated with oscillating
surge converters. While the study employed a simplified
model, it paves the way for more sophisticated modeling
approaches where all of the vanes of the VGOSWEC are
included.

Future research on this topic should focus on refining
these models, verification of the models against a high-
fidelity model, and finally, validation of the models through
practical implementation to accelerate the development of
VGOSWEC technology in real-world marine environments.
Additional control strategies on the mechanical torque could
be further explored to create combinations of vane rotations
that yield the most load-shedding behavior in survival mode
and the most power extraction in power production mode.
The control strategies that could be implemented would be
similar to those applied in OSWECs for power production
[17].
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