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1. INTRODUCTION

The control of ocean energy harvesting devices has
received significant attention in the marine engineering
community and is considered necessary for economical
ocean deployment. Several types of control methodolo-
gies have been previously proposed, such as complex
conjugate [1], latching [21], and declutching. In recent
years, the control of wave energy converters (WECs) us-
ing state-constrained optimization [3] has gained trac-
tion in the research community. The optimization has
been performed using the calculus of variations [3], model
predictive control [4], and pseudo-spectral methods [5].
These control strategies have been shown to be success-
ful in maximizing power absorption but often neglect
considerations for the peak forces, torques, and fatigue
damage accumulation [6]. The next-generation WEC
technologies will need to develop advanced feed-forward
control methods and/or structures that adapt device
performance to maximize energy generation in low-to-
moderate sea states and begin shedding hydrodynamic
loads with increasing wave height to maintain a high
capacity factor. With this focus, a novel WEC concept
that combines an oscillating surge wave energy converter
(OSWEC) with control surfaces [7] has been developed
at the National Renewable Energy Laboratory. The
novel OSWEC has had its main body replaced by a set
of rotatable flaps that provides control over the hydro-
dynamic properties, which is in contrast to traditional
nearshore OSWEC designs [8]. In addition to the vari-
able geometry concept, researchers have been develop-
ing control strategies that attempt to balance the power-
to-load ratio of a WEC by penalizing the power-take-off
(PTO) control and structural loads [4]. The controller
must now balance opposing terms in an effort to obtain
the greatest gains in absorbed power while allowing the
smallest loads on the WEC structure. In this work, the
net power delivered to the grid from a nonideal PTO is
introduced followed by a review of the pseudo-spectral
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Figure 1: Solidworks rendering of the OSWEC.
(Left) Perspective view of the fully open config-
uration (four flaps) and (right) perspective view
of the fully closed configuration (zero flaps).

control (PSC) theory. A power-to-load ratio, used to
evaluate the pseudo-spectral controller performance, is
discussed, and the results obtained from optimizing a
multiterm objective function are compared against re-
sults obtained from maximizing the net output power
to the grid. Simulation results are then presented for
four different OSWEC geometries to highlight the po-
tential of combing both geometry and PTO control to
maximize power while minimizing loads.

2. HYDRODYNAMIC MODELING

As described in a previous study [7], the main body
of the novel OSWEC has been replaced with a set of
identical flaps that may rotate about their center axis
(see Fig. 1). However, for this investigation, the flaps
were placed in either the fully closed (vertical) or open
configurations (horizontal). The flaps may be opened
independently but will only be allowed to open in de-
scending order starting with the top flap located closest
to the free surface. Therefore, no geometry is modeled
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Table 1: Geometric Di

mensions of the OSWEC

Water Depth, h, 10 m

Flap Minor Axis, ty, 1/3 m

Height, H, 10 m

Flap Major Axis, Hy, 2 m

Thickness, ¢, 3/4 m

Support Width, ws, 1/4 m

Width, w, 20 m

Center of Gravity, rg, 3.97 m

Flap Width, wy, 19.5 m Inertia, Is5, 904.4 kg-m?

Volume, V, 72 m® Mass, m, 36 t
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Figure 2: Nondimensional hydrodynamic radia-
tion and wave excitation coefficients. The num-
bers in the legend correspond to the zero-flap,
one-flap, two-flap, and three-flap open geometry.

that consists of a closed flap between two open flaps.
The structural mass is assumed to be evenly distributed
and the structural mass density (pm) was set to half
the fluid density (p). Therefore, the center of gravity
will be equal to the center of buoyancy. The hydrody-
namic coefficients were obtained from WAMIT version
7.2, and the hydrodynamic coefficients have been plot-
ted in Fig. 2.

3. MAXPOWER UNDER CONSTRAINTS

The maximum time-averaged power (TAP) (Pr) ab-
sorbed by a PTO under pitch displacement amplitude
constraints, while assuming sinusoidal motion, was ex-
plored in [9], which provides the following expression

-

6>1
6<1

$A%| X507/ Ass

%A|X5|W|£5|maz - )\55“}2'55 Enaz

(1)

2

where [€5]mae is the max pitch angular displacement, A
is the wave amplitude, X5 is the complex pitch wave-
exciting torque per unit amplitude wave, As5 is the ra-
diation wave damping, and w is the wave angular fre-
quency. The term 9 is the ratio between the constrained-
to-optimal pitch angular velocity given by

W|£5|maz 2A55
LS5lmar 2255 2
A% (2)

Maximizing power absorption requires the linear PTO
spring, Cy, and damping, Ay, coefficients to be

o=

A . As5 s 0>1
T \anes e s 0<
Cy = —[Cs— w? (Iss + ps5)] (3)

where Css is the linear hydrostatic pitch spring coeffi-
cient, Is5 is the OSWEC mass moment of inertia, and
wss is the radiation-pitch-added moment of inertia.

The frequency-domain expression for the pitch-angular
velocity response amplitude operator (RAQ) can be cal-
culated from
iwls X5

A [Ass + Ag] + i [— (Cs5 + Cy) Jw + w (Is5 + pss)]

(4)

where &5 is the complex pitch displacement amplitude.

The structural foundation must handle the reaction
force needed to fix the OSWEC to the seabed. The
foundation force in surge, X,1, is given by

A (X + X1) = [A1s + iwpas] iwés (5)

where X is the complex surge wave-exciting force co-
efficient per unit wave amplitude, p15 is the surge-pitch
added mass, and A5 is the surge-pitch wave radiation
damping.

3.1 Nonideal PTO Units

As discussed in [10], reactive control [1] requires a
two-way energy flow between the oscillating body and
an energy storage system that will have losses associ-
ated with the energy flux reversal process. The effect
of efficiency () on the output TAP was calculated in
[10], which provides the following expressions

G= Gy & G* = arctanG
WAg
Agliws |? R
POZEQQ (1+€g)7e: ng
. 2G* —sin2G* — 2G (1 — cos® G¥)
g = 5 (6)

where Po is the TAP that is sent to the grid. To provide
a measure of the capture efficiency for a given WEC,
the TAP contained within a propagating wave must be
known. The time-averaged wave-power-per-unit width
(Pw) can be calculated from

2kh

_ Ly =L a2 )9 _2kh
P, = 2pgA Vy = 4pgA ktanhkh {1+Sinh2kh} (7)

where Vj is the wave group velocity, k is the wave num-
ber, and g is the gravitational acceleration. The nondi-
mensional capture width in this work will be defined
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as

Po

wP,,
where w is the OSWEC width.

Cw =

4. PSEUDO-SPECTRAL CONTROL

The pitch angular velocity (§5) and PTO control torque
(Tm) are approximated by a zero-mean truncated Fourier
series [5] with N terms

N/2
{5 (1)~ 15 cos (jwot) +45 sin (jwot) =P (£) ¥ (9)
Jj=1
N/2
Tm (£) = Z 75 cos (jwot)+77 sin (jwot) = (£) 7 (10)
Jj=1

T

~ T
b=lut otk wl ] A=k

® ()= {cos (wot) , sin (wot) , .., cos (%wﬁ) sin (gwot)]

with the fundamental frequency given by wo = 27 /T
and T being the chosen time duration. The pitch equa-
tion of motion can be described as follows

M55’(,;:7A'+é5 (11)

where é5 represents the Fourier coefficients of the pitch
wave-exciting torque. The matrix Mss € RV X is block
diagonal with the following structure

a (jwo)
Ass (jwo)

Ass (jwo)
—a (jwo)

a (jwo) = jwo (Iss + pss (jwo)) — Css/ (jwo)

M, = , for 7=1,2,...,N/2

(12)

The pitch angular-velocity coefficients can be determined
explicitly from the control and pitch wave-exciting torque
Fourier coefficients. This representation allows the time-
averaged absorbed power to be written as

L [
Pr = T/o G (1) T (1) dt = i) 7

= ST el () TH] )
which is in the form of a traditional quadratic problem.
This representation does not account for the efficiency
of nonideal PTO units; however, from this point for-
ward, all results will have made corrections for PTO ef-
ficiency in postprocessing. The final objective function
will be the sum of the time-averaged absorbed power,
the squared #£2-norm of the surge-foundation force (f,1)
and the control force magnitude. The three contribu-
tions will be nondimensionalized and combined as fol-
lows:

Pr fr1 2 T, 2
J= + - + Bm| T 14
wPy K 1pgwhA A Fpgwh? A (14)
N———
rl T;:‘L

5. REGULAR WAVE RESULTS

The PSC simulations were performed with a PTO ef-
ficiency of 85% and a maximum angular displacement
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Figure 3: Regular wave results for a wave am-
plitude of 0.5 m and varying wave frequency.
The numbers in the legend denote the zero-flap,
one-flap, two-flap, and three-flap open geometry.
The superscript 7°¢ denotes results from PSC
which provide the optimum P;;, while "¢ denotes
results from maximizing the PTO output power
given by Equation (6).
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Figure 4: Power-to-Load ratio while varying the
wave amplitude and frequency for the two-flap
open configuration.

amplitude of 30°(7/6). The following power-to-load ra-
tio (P:r) was constructed to evaluate OSWEC perfor-
mance

7em) (20)
YT oo

where oo is the standard deviation in the instanta-
neous output power. As this work considers only regular
waves, in the calculation of P;r, the values of f,1 and
Tm are taken as the peak values over the wave period.
The first term in Equation 15 represents the net output
power to the grid that is directly related to the annual
energy production; however, the second term is included
to temper the controller from allowing large structural
loads, leading to greater steel thickness and higher cap-
ital costs. The third term was introduced to limit the
PTO peak instantaneous power and control actuation
effort, thereby minimizing the PTO power capacity re-
quirements.

The maximum Py, values obtained from applying PSC
for combinations of the penalty weights (v and Sp)
have been plotted in Fig. 3(a). The results show that
for all geometries and wave frequencies PSC produces
Py, values that are equal to or higher than when solely
maximizing output power. With proper selection of the
penalty weights used in the multiterm objective, we can
obtain an increase in output power [see Fig. 3(d)] that
exceeds the growth in structural loads [see Figs. 3(b)
and 3(c)]. For the two-flap open geometry, the capture
width has been reduced by only 40% compared to the
maximum capture width whereas the structural loads
have been reduced by approximately 60%. It can be
observed that the maximum P, for each WEC geom-
etry occurs near resonance when operating in low sea
states. However, as the wave amplitude increases, the
limit on the pitch displacement amplitude reduces the
benefit of the amplified motion. As seen in Fig. 4, as the
wave amplitude increases, the peak P;r ratio decreases
and shifts to higher wave frequencies. These prelimi-
nary results help demonstrate the benefit of combining
a variable geometry WEC and PTO control to shift the
operational focus between power maximization and load
mitigation.

Py = C’w< (15)
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