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Abstract—This work attempts to balance power absorption
against structural loading for a novel variable geometry wave
energy converter. The variable geometry consists of four identical
flaps that will be opened in ascending order starting with the
flap closest to the seafloor and moving to the free surface. The
influence of a pitch motion constraint on power absorption when
utilizing a nonideal power take-off (PTO) is examined and found
to reduce the losses associated with bidirectional energy flow. The
power-to-load ratio is evaluated using pseudo-spectral control
to determine the optimum PTO torque based on a multiterm
objective function. The pseudo-spectral optimal control problem
is extended to include load metrics in the objective function,
which may now consist of competing terms. Separate penalty
weights are attached to the surge-foundation force and PTO
control torque to tune the optimizer performance to emphasize
either power absorption or load shedding. PTO efficiency is not
included in the objective function, but the penalty weights are
utilized to limit the force and torque amplitudes, thereby reducing
losses associated with bidirectional energy flow. Results from
pseudo-spectral control demonstrate that shedding a portion of
the available wave energy can provide greater reductions in
structural loads and reactive power.

Index Terms—Pseudo-Spectral Control, Variable Geometry,
Load Shedding, PTO Efficiency, Wave Energy Converter

I. INTRODUCTION

At the 11th European Wave and Tidal Energy Confer-

ence (EWTEC), a fixed-bottom oscillating surge wave energy

converter (OSWEC) [1], [2] was introduced that replaced

the main body with control flaps [3]. The control surfaces

allow for a variable geometry device that can alter its hy-

drodynamic characteristics to favor either power absorption

or load shedding. The variable geometry concept has been

shown to be successful at mitigating loads, especially fatigue

damage accumulation, in moderate-to-large sea states [4], [5].

In previous studies [4], [5], the variable geometry flaps were

opened in descending order starting with the flap positioned

closest to the free surface; however, the reduction in hydro-

dynamic coefficients has been deemed too large, prompting

this investigation to reverse the order in which the flaps are

opened. It is desired to combine manipulation of the variable

geometry components with power-take-off (PTO) control in an

attempt to control peak loads rather than focus on power maxi-

mization [6]. Wave energy converter (WEC) control strategies,

such as complex conjugate [7] and latching [8], continue to

receive attention from the marine engineering community, but

emphasis is still predominately placed on maximizing energy

capture. However, if control emphasis is placed solely on

power maximization, the structural and PTO loads may greatly

exceed the growth in absorbed energy. Therefore, it will be of

value to begin developing control strategies that attempt to

increase power absorption while minimizing peak forces [9],

torques [6], [10], and fatigue damage accumulation [11].

The appeal of state-constrained optimization [12] has con-

tinued to gain popularity in recent years as a result of

increases in computational power. This type of optimization

has most recently been demonstrated using model predictive

control [9], [13] and pseudo-spectral methods [14], [15].

One simplification that is often used in WEC control is an

perfectly efficient PTO unit, which can be a poor assumption

if bidirectional energy flow is allowed. Other investigations

have attempted to represent the PTO efficiency directly in

the objective function of the optimizer [16], [17]; however,

these methods result in a nonlinear objective function that

increases the solution complexity and computational time. In

contrast, this investigation will rely on the use of penalty

weights applied to the load metrics to control the additional

losses resulting from use of a nonideal PTO. Therefore, no

direct measure of PTO efficiency is included in the objective

function, but it is expected that reducing the structural and

PTO loads will limit the negative peaks in instantaneous power

that result in greater nonlinear effects on the time-averaged

power (TAP).

This paper begins with a review of the variable geometry

OSWEC and presents the radiation and excitation hydrody-

namic coefficients for the geometries used in this study. The

analysis will be completed under regular wave excitation with

a constraint set on the pitch angular displacement, which

reduces the upper limit on the maximum power capture. In

order to absorb the maximum power available, it is necessary

that the PTO use both a linear damping and spring component;

1
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Fig. 1. Solidworks rendering of the novel OSWEC. Perspective view of the
fully open configuration (left, four flaps open) and perspective view of the
fully closed configuration (right, zero flaps open).

TABLE I
GEOMETRIC AND MASS PARAMETERS OF THE OSWEC

Water Depth, h, 10 m Flap Minor Axis, tf , 1/3 m

Height, H , 10 m Flap Major Axis, Hf , 2 m

Thickness, t, 3/4 m Side Support Width, ws, 1/4 m

Width, w, 20 m Center of Gravity, rg , 3.97 m

Flap Width, wf , 19.5 m Moment of Inertia, I55, 904.4 kg·m2

Volume, ∀, 72 m3 Mass, m, 36 t

Resonance Period, Tres Resonance Frequency, ωres

Zero-Open Flap, 51.84 s Zero-Open Flap, 0.10 rad/s

One-Open Flap, 39.62 s One-Open Flap, 0.16 rad/s

Two-Open Flap, 31.10 s Two-Open Flap, 0.20 rad/s

Three-Open Flap, 19.49 s Three-Open Flap, 0.32 rad/s

however, having a nonzero PTO spring coefficient guarantees

bi-directional energy flow. The reversal of the energy flow will

generate additional losses, and calculation of the TAP deliv-

ered to the grid from a nonideal PTO is therefore introduced.

Next, the theory of pseduo-spectral control is reviewed, which

includes the incorporation of the surge-foundation force and

PTO control torque in the objective function. The effect of

the penalty weights, associated with each load contribution,

on optimizer performance was observed by varying the mag-

nitudes of each across a range of wave periods and several

wave amplitudes.

II. OSWEC HYDRODYNAMIC MODELING

As described in previous studies [4], [5], the main body of

the novel OSWEC has been replaced with a set of identical

flaps that may rotate about its center axis (see Fig. 1). The

actuated flaps can be adjusted to any desired angle about their

center of rotation; however, for this investigation, the flaps

were placed in either the fully closed or open configurations.

The flaps may be opened independently, but will only be

allowed to open in ascending order starting with the bottom

flap located closest to the seabed. Therefore, no geometry is

modeled that consists of a closed flap between two open flaps.

Previously, the flaps were opened in descending order starting

with the flap closest to the free surface. However, the changes
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(b) Pitch-Wave Exciting Torque Magnitude |X5| and Phase φ5

Fig. 2. Nondimensional hydrodynamic pitch radiation and pitch-wave exci-
tation torque coefficients. The numbers in the legend correspond to the zero-
flap, one-flap, two-flap, and three-flap geometry. The nondimensionalization

is given by: ω∗ = ω
√

h/g, µ∗

55
= µ55/I55, λ∗

55
= λ55/ωI55, X∗

5
=

X5/ρgh2w, φ∗

i = φi/π .

to the hydrodynamic properties with each open flap were found

to be too large for smooth power production in greater sea

states. The primary dimensions and mass characteristics can

be found in Table I. A water depth of 10 m was chosen after

reviewing previous works on fixed-bottom OSWEC systems

[1], [20].

The structural mass is assumed to be evenly distributed

and the structural mass density, ρm, was set to half the fluid

density, ρ. The hydrodynamic coefficients were obtained from

WAMIT version 7.2 [18] at a step size of 0.01 rad/s for

wave frequencies between 0 rad/s and 7.5 rad/s with the

pitch radiation added moment of inertia and wave damping

coefficients plotted in Fig. 2(a), while the pitch wave excitation

torque magnitude and phase are plotted in Fig. 2(b). The surge-

pitch hydrodynamic coefficients plotted in Fig. 3 are used to

calculate the structural foundation forces that will be outlined

in Section III-B.

As shown in Fig. 2, the variable-geometry OSWEC makes

it possible to control the hydrodynamic coefficients based

on the number of open flaps. As each flap is opened, the

radiation added moment of inertia decreases and, because the

hydrostatic restoring coefficient and mass moment of inertia

remain constant, the pitch resonance frequency will shift to

a lower period (higher frequency). However, the reduction in

the hydrodynamic coefficients is not uniform when opening an

2
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Fig. 3. Nondimensional hydrodynamic surge-pitch radiation and surge-wave
excitation force coefficients. The numbers in the legend correspond to the zero-
flap, one-flap, two-flap, and three-flap geometry. The nondimensionalization
is: µ∗

15
= µ15/mh, λ∗

15
= λ15/ωmh, X∗

1
= X1/ρgwh, φ∗

i = φi/π .

additional flap, with the largest decrease occurring between

the zero- and one-flap open geometries. These results have

prompted an investigation into the use of nonuniform flap

heights [19] to provide a more gradual reduction in the

hydrodynamic coefficients. Although the peak values for the

hydrodynamics decrease with each additional open flap, the

wave frequency at which a given quantity is maximized shifts

to shorter wave periods similar to previous investigations.

III. REGULAR WAVE ANALYSIS

This analysis assumes regular wave excitation with the

incident wave elevation described by

η (x, t) = A cos (ωt− kx) (1)

where η is the wave elevation, A is the wave amplitude, ω is

the wave angular frequency, and k is the wave number. For

the time being, the mechanical torque from the PTO system

will be described by

τm (t) = −ℜ
{
(λg − iCg/ω) iωξ5e

iωt
}

(2)

where Cg is the linear PTO-restoring coefficient, λg is the PTO

linear-damping coefficient, and ξ5 is the complex amplitude

of the pitch angular displacement. The frequency-domain

expressions can be inserted into the one-degree-of-freedom

pitch equation of motion to derive the pitch-angular-velocity

response amplitude operator (RAO):

iωξ5
A

=
X5

[λ55+λg]+ i[− (C55+Cg) /ω+ω (I55+µ55)]
(3)

αm

A
=

[Cg+iωλg]X5

[C55+Cg+ω2 (I55+µ55)]+iω [λ55+λg]
(4)

where C55 is the linearized hydrostatic spring constant, I55
is the mass moment of inertia, and αm is the complex

PTO torque amplitude. The maximum TAP [21], per wave

amplitude squared, absorbed by an ideal PTO unit can be

calculated from

PT

A2
=

1

4

|X5|
2

λ55

1

1 +

√

1 +
(

C55+Cg−ω2(I55+µ55)
ωλ55

)2

︸ ︷︷ ︸

Ξ

=
2ρgVg
k

1

1 +

√

1 +
(

C55+Cg−ω2(I55+µ55)
ωλ55

)2
(5)

λg = λ55

√

1 +

(
C55 + Cg − ω2 (I55 + µ55)

ωλ55

)2

(6)

where Vg is the wave group velocity and the Haskind relation

[22] has been used in Eqn. (5). As seen in Fig. 4, the first

term in Eqn. (5) is constant for each geometry while Ξ will

vary between 0-0.5. The value of Ξ will reach 0.5 when the

device oscillates at the resonance frequency and can reach a

similar value when the contribution from the wave damping

greatly exceeds the sum of the spring and inertial terms. Both

cases can be observed in Fig. 4. The first occurs when the

three-flap geometry oscillates at resonance (0.32 rad/s) and

the second occurs in the high-frequency range (ω > 1.1 rad/s).

Refer to Fig. 2(a) to observe how, for the zero- and one-flap

geometries, the added moment of inertia has a steep decline

while the wave damping reaches its peak. It is observed that

the zero-flap geometry can theoretically absorb the greatest

amount of power passively (Cg = 0) over the widest range

of wave frequencies following the arguments made in [23];

however, this explains only half of the problem, as the required

structural loads have not yet been considered.

The instantaneous power absorbed by an ideal power-take-

off unit [24] can be calculated from

P (t) =
λg|iωξ5|

2

2
+

|iωξ5|
2

2
|Z| cos (2 (ωt+ ϕ) + ν) (7)

where Z = λg − iCg/ω, ν is the phase angle of Z , and ϕ
is the phase angle of iωξ5. As seen from (7), if Cg 6= 0,

the instantaneous power will fluctuate between negative and

positive values, indicating a reversal of the energy flow. The

time-averaged reactive power, defined as the power that the

PTO returns to the oscillating body, is then calculated from

PR =
1

T

∫ T

0

min [P (t) , 0] dt (8)

To provide a measure of the capture efficiency for a given

WEC, the TAP contained within a propagating wave must

3
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be known. The time-averaged wave-power-per-unit width, Pw,

can be calculated from

Pw =
1

4
ρgA2

√
g

k
tanh kh

[

1 +
2kh

sinh 2kh

]

(9)

where h is the water depth. The nondimensional capture width,

Cw, in this work will be defined as

Cw =
PT

wPw
(10)

where w is the width of the OSWEC.

A. Maximum PTO Absorbed Power under Motion Constraints

The maximum power absorption under pitch amplitude

constraints, while assuming sinusoidal motion, was explored

in [25], which provided the following expression

PT =

{
1
8A

2|X5|
2/λ55 , δ > 1

1
2A|X5|ω|ξ5|max − λ55ω

2|ξ5|
2
max , δ < 1

(11)

where δ is the ratio between the constrained-to-optimal pitch-

angular velocity given by

δ =
ω|ξ5|max

A

2λ55
|X5|

(12)

To achieve the power output described above, the associated

PTO coefficients are given by

λg =

{

λ55 , δ > 1
A|X5|

ω|ξ5|max
− λ55 , δ < 1

(13)

Cg = −
[
C55 − ω2 (I55 + µ55)

]
(14)

where the PTO spring coefficient must combine to cancel the

torque contribution from the natural body-restoring coefficient,

mass moment of inertia, and hydrodynamic added moment

of inertia, which is the basis of complex conjugate control [7].
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1) Nonideal PTO Units: As discussed in [26] and [27],

reactive control requires a two-way energy flow between the

oscillating body and an energy storage system that will have

losses associated with the energy-flux reversal process. These

losses will be subtracted from the power input to the PTO

whenever P (t) > 0, and added when P (t) < 0 to supply

power to the wave energy converter. Considering a nonideal

PTO unit, with a mechanical-to-electrical efficiency defined

by ηe, the resulting PTO output TAP is given by [27]

PO = ηe
λg|iωξ5|

2

2
{1 + e∗g∗} , (15)

g∗ =
2G∗ − sin 2G∗ − 2G

(
1− cos2G∗

)

2π
, (16)

G =

∣
∣
∣
∣

Cg

ωλg

∣
∣
∣
∣
, G∗ = arctanG , e∗ =

1− η2e
η2e

(17)

where PO is the time-averaged power that is sent to the grid.

The variation in the terms e∗ and g∗ with respect to the

PTO coefficients has been plotted in Fig. 5. The effect of the

nonideal efficiency on the selection of the PTO coefficients

(Cg & λg) to maximize the PTO absorbed power and the

PTO output power has been plotted in Fig. 6. As plotted in

Fig. 6(a), the PTO spring coefficient decreases by up to 10%

at the highest wave frequencies when accounting for the PTO

efficiency while the damping coefficient can increase by over

300% when at the lowest wave amplitude. However, the ratio

of the PTO damping coefficient is equal to one when the mo-

tion amplitude required to maximize the output power hits the

pitch-displacement amplitude constraint (refer to Fig. 6(c)), in

addition to greater detuning of the response by decreasing the

spring coefficient. In this range, the results from maximizing

the output power will be almost identical to maximizing the

absorbed power as shown in Fig. 6(b). To understand why

the pitch-amplitude constraint is affecting the selection of the

PTO coefficients as previously described, begin by inserting

the expression for the PTO damping coefficient (when δ < 1),

Eqn. (13), into the expression for G

G=

∣
∣
∣
∣
∣
∣

C55−ω
2 (I55 + µ55)

ω
(

A|X5|
ω|ξ5|max

− λ55

)

∣
∣
∣
∣
∣
∣

=

∣
∣
∣
∣
∣
∣

C55−ω
2 (I55 + µ55)

A
(
1− δ

2

) |X5|
|ξ5|max

∣
∣
∣
∣
∣
∣

(18)
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Fig. 6. The presented results are for the one-flap-open geometry with a
PTO efficiency of 85%. The superscript a denotes the performance achieved
by maximizing the PTO absorbed power as shown in Eqns. (11)-(14). The
superscript ηe denotes the performance achieved by maximizing the PTO
output power as described in Eqns. (15)-(17).

where in the above expression, as the wave amplitude increases

all terms are constant except for A and δ. However, as A
increases δ decreases, which provides a nonlinear increase in

the denominator. As shown in Fig. 7(a), the peak in G for an A
of 0.3 m is 13, but after increasing the A to 2 m, the value of

G drops to 1 leading to a greater reduction in G compared to

the increase in wave amplitude. As a result, the curves for the

nondimensional capture width between the maximum output

and absorbed have nearly converged when oscillating with the

2-m wave amplitude (see Fig. 7(b)).

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
0

1

2

3

4

5

6

7

8

9

10

11

12

13

Wave Angular Frequency, ω, [rad/s]

PT
O 

Sp
rin

g−
to

−D
am

pin
g 

Ra
tio

, G
 =

 |C
g/ω

λ g|, [
−]

 

 

Gη
e, A: 0.3 m

Gη
e, A: 0.5 m

Gη
e, A: 1.0 m

Gη
e, A: 2.0 m

Ga,  A: 0.3 m

Ga,  A: 0.5 m

Ga,  A: 1.0 m

Ga,  A: 2.0 m

(a) PTO Spring-to-Damping Ratio, G

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.45

0.50

0.55

0.60

0.65

0.70

Wave Angular Frequency, ω, [rad/s]

No
nd

im
en

sio
na

l C
ap

tu
re

 W
idt

h,
 C

w =
 P

O/(w
×P

w), 
[m

/m
]

 

 

C
w
η

e, A: 0.2 m

C
w
η

e, A: 0.5 m

C
w
η

e, A: 1.0 m

C
w
η

e, A: 2.0 m

C
w
a , A: 0.2 m

C
w
a , A: 0.5 m

C
w
a , A: 1.0 m

C
w
a , A: 2.0 m

(b) Nondimensional Output Capture Width, Cw = PO/(w × Pw)

Fig. 7. The results presented are for the one-flap-open geometry with a
PTO efficiency of 85%. The superscript a denotes the performance achieved
by maximizing the PTO absorbed power as shown in Eqns. (11)-(14). The
superscript ηe denotes the performance achieved by maximizing the PTO
output power as described in Eqns. (15)-(17).

B. Structural Foundation Forces

The structural foundation must handle the reaction forces

needed to anchor the WEC to the seabed. If centrifugal forces

are neglected and the body remains symmetric about the

vertical plane, the foundation forces in the surge, Xr1, and

heave, Xr3, directions are given by [28]

A (Xr1 +X1) = [λ15 + iωµ15] iωξ5 (19)

A (Xr3 +X3) + (ρ∀ −m) g = 0 (20)

where X1 and X3 are the complex surge and heave wave-

exciting force coefficients per unit wave amplitude, µ15 is

the surge-pitch added mass, and λ15 is the surge-pitch wave

radiation damping. The following analysis does not include the

heave foundation force in the final results because this force

is unaffected by the WEC motion and cannot be controlled

by the PTO. The surge-foundation force can theoretically be

eliminated if the complex pitch-angular velocity amplitude and

PTO control-torque amplitude are equal to

iωξ5
A

=
X1

λ15 + iωµ15
(21)

τm
A

=
λ55 + i [−C55/ω + ω (I55 + µ55)]

λ15 + iωµ15
X1 −X5 (22)
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The magnitude of the pitch-angular velocity required to

eliminate the surge-foundation force has been plotted in Fig. 8.

This plot shows that for the OSWEC design, the natural body

motion is close to the dynamics needed for elimination of

the surge-foundation force, as the pitch magnitude and phase

are closely aligned. The wave frequency range plotted in

Fig. 8 is above the resonance frequency of each flap geometry;

however, for frequencies below resonance, this is not the case

because the phase of pitch motion can shift by π and the

required pitch velocity amplitude may increase [10]. When

the WEC begins to absorb power from the incident waves,

the magnitude and phase of the pitch motion will lead to an

increase in the surge-foundation force. As both the magnitude

and phase of WEC motion contribute to the surge-foundation

force, it may be possible to control the pitch dynamics to

obtain a greater rate of growth in power than structural loading

[6] and [10].

IV. REVIEW OF PSEUDO-SPECTRAL CONTROL

The pitch-angular velocity, ζ̇5, and PTO control torque, τm,

are approximated by a zero-mean truncated Fourier series [29]

with N terms

ζ̇5 (t) ≈

N/2
∑

j=1

ψc
j cos (jω0t) + ψs

j sin (jω0t) = Φ (t) ψ̂ (23)

τm (t) ≈

N/2
∑

j=1

τcj cos (jω0t) + τsj sin (jω0t) = Φ (t) τ̂ (24)

where

ψ̂=
[

ψc
1, ψ

s
1, ..., ψ

c
N
2

, ψs
N
2

]⊤

τ̂=
[

τc1 , τ
s
1 , ..., τ

c
N
2

, τsN
2

]T

(25)

Φ (t) = [cosω0t, sinω0t, ..., cos (N/2)ω0t, sin (N/2)ω0t]

with the fundamental frequency given by ω0 = 2π/T and T
being the chosen time duration. It can be shown that the pitch

equation of motion can be described as follows

M55ψ̂ = τ̂ + ê5 (26)

where ê5 represents the Fourier coefficients of the pitch-wave-

exciting torque. The matrix M55 ∈ R
N×N is block diagonal

with the following structure

M j
55 =

[
β (jω0) α (jω0)
−α (jω0) β (jω0)

]

, for j = 1, 2, . . . , N/2

α (jω0) = jω0 (I55 + µ55 (jω0))− C55/ (jω0)

β (jω0) = λ55 (jω0) (27)

The pitch-angular-velocity coefficients can then be determined

explicitly from the control and pitch-wave-exciting torque

Fourier coefficients. This representation allows the time-

averaged absorbed power, PT , to be written as

PT =
1

2
ψ̂⊤τ̂ =

1

2

[

τ̂⊤
(
M−1

55

)⊤
τ̂ + ê⊤5

(
M−1

55

)⊤
τ̂
]

(28)

which is in the form of a traditional quadratic problem.

This representation does not account for nonunity efficiency;

however, from this point forward any results from pseudo-

spectral control will make corrections for PTO efficiency in

postprocessing.

A. Surge-Foundation-Force Penalty Term

The surge-foundation force can be written in a matrix form,

similar to Eqn. (26), as follows

f̂r1 = −ê1 +G15ψ̂ = −ê1 +G15M
−1
55 τ̂ +G15M

−1
55 ê5 (29)

where ê1 represents the Fourier coefficients of the surge wave-

exciting force, G15 and Γ are block matrices (see [6] for

definition), and Eqn. (26) has been substituted for ψ̂. To

maintain the convexity of the quadratic problem, the time-

averaged ℓ2-norm of the surge-foundation-force vector was

added to the objective function and is given by

γ

2
f̂⊤
r1f̂r1 ≈

γ

2

(

τ̂⊤
(
M−1

55

)⊤
GT

15G15M
−1
55 τ̂ + 2

[
−ê⊤1 G15M

−1
55

+ê⊤5
(
M−1

55

)⊤
G⊤

15G15M
−1
55

]

τ̂
)

(30)

where γ is a penalty weight that can be used to adapt the

controller performance. In the final expression for the surge-

foundation-force contribution, there are three constant terms,

independent of the control torque, which are left out of the

optimization.

B. Control-Torque-Magnitude Penalty Term

In an attempt to reduce the reactive power contribution and

limit the PTO torque amplitudes, a penalty weight was placed

on the time-averaged ℓ2-norm of the PTO torque magnitude

[9] as follows

βm
T

|τm|2 =
βm
T

∫ T

0

τm(t)τm(t)dt =
1

2
τ̂⊤βmIN τ̂ (31)

where βm is a penalty weight associated with the control-

torque magnitude and IN is the identity matrix of size N .

Because the time-averaged power in the objective function,

written in Eqn. (28), does not include the PTO efficiency, the

penalty weight placed on the PTO torque is expected to act

as a tuning parameter to tell the optimizer the PTO is less

efficient. Positive results were observed in [9].
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C. Final Objective Function

The objective function will be the sum of the time-averaged

absorbed power, the squared ℓ2-norm of the surge-restraining

force, and control-force magnitude. The three contributions

to the objective function are not of the same units, and the

interrelationship among them is complex. Therefore, the final

objective function will consist of the following nondimen-

sional quantities

J =
PT

wPw
︸ ︷︷ ︸

Cw

+γ

∣
∣
∣
∣

fr1
1
2ρgwhA
︸ ︷︷ ︸

f∗

r1

∣
∣
∣
∣

2

+ βm

∣
∣
∣
∣

τm
1
6ρgwh

2A
︸ ︷︷ ︸

τ∗

m

∣
∣
∣
∣

2

(32)

V. REGULAR WAVE RESULTS

The pseudo-spectral control simulations were performed

in regular waves with varying period and amplitude. The

authors chose to use a mechanical-to-electrical conversion

efficiency, ηe, of 80% and limited the WEC angular dis-

placement amplitude to 30o(π/6). As this work is focused

on balancing power absorption against structural loads, the

following power-to-load ratio, PtL, was developed to evaluate

the WEC performance

PtL = Cw

(
Cw

f∗
r1 + τ∗m

)(
PO

σO

)

(33)

χ =
PtL

P ηe

tL

(34)

where σO is the standard deviation in the instantaneous

output power. As this section considers regular waves, in the

calculation of PtL the values of fr1 and τm are taken as the

peak values over the wave period. The first term in Eqn. (33)

represents the net output power to the grid that is directly

related to the characteristic drivers of economics; however, the

second term is included to temper the controller from allowing

large structural loads, leading to greater steel thickness and

higher capital costs. The third term was introduced to limit the

PTO peak instantaneous power and control actuation effort,

thereby minimizing the PTO power-capacity requirements.

The resulting PtL ratios from applying PSC for various

combinations of γ and βm are compared against results from

a baseline control case. The baseline control case will consist

of solving for the coefficient pair of Cg and λg ≥ 0 that

maximizes the PTO output power and will be denoted by the

superscript ηe .

The χ ratio, given by Eqn. (34), has been plotted along

constant contours in Fig. 9(a). The bottom left of the plot is

where the greatest absorbed power can be achieved; however,

the efficiency losses, greater structural loads, and peaks in

instantaneous power decrease the benefit of operating the

OSWEC in this penalty-weight region. Rather, there is a region

where χ is maximized before decreasing as larger penalty

weights place greater emphasis on load reduction at the cost

of power absorption. Along the maximum χ contours, the

individual performance metrics will vary as shown in Fig. 9(b).

Although the output power has a maximum along the χ
contour, it is followed by a proportionate growth in structural
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in regular waves.

loads, peak instantaneous power, or a combination of the two.

The range of penalty weights that provides the greatest χ
values will vary depending on wave frequency as shown in

Fig. 9(c); however, the optimum χ values can be susceptible

to the nondimensionalization of loads as defined in Eqn. (32).

A. Performance Metrics from Greatest Power-to-Load Ratios

The first series of tests completed were for a fixed wave

amplitude of 0.25 m while varying the wave period between 5

s and 20 s; the results are shown in the left column of Fig. 10

and Fig. 11. To compare results across wave frequencies, the

maximum χ contours were calculated such that the enclosed
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areas were the same size but may differ in location in the

γ and βm domain as shown in Fig. 9(c). The performance

metrics along this χ contour were averaged for each frequency

and plotted in Fig. 10. The results plotted in Fig. 10(a), show

that PSC can be used to maximize the power-to-load ratio

and exceed the basline control case for any flap configuration.

The zero-flap configuration provides the greatest power-to-

load ratios with a step-like reduction as each additional flap

is opened. The three-flap open configuration improves the

PtL near the associated resonance frequency; however, this

is quickly lost as the wave amplitude increases and the pitch

displacement constraint is observed.

It is evident that maximizing the power-to-load ratio does

not coincide with maximizing the PTO output power (see

Fig. 10(c)). When considering the zero-flap configuration, the

average reduction in capture width between PSC and the

baseline control strategy is near 37%, whereas the reduction

in reactive power requirement is slightly more than 90%.

Limiting the reactive power requirement also leads to signif-

icant reductions in the PTO control torque, Fig. 10(e), and

surge-foundation force, Fig. 10(g). The zero-flap configura-

tion achieves a 57% reduction in both load metrics when

operating at the greatest power-to-load ratio. However, this

reduction is only obtained when allowing for reactive power,

providing greater control over the phase of the pitch-angular

displacement [6]. These contributions allow PSC to provide

the greatest PtL for all wave frequencies while providing a

moderate increase in power capture relative to passive control

(λg ≥ 0, Cg = 0), which is generally considered the current

standard in the wave energy community.

Another series of tests were completed for a fixed-wave

amplitude of 1.0 m to understand the effects of the pitch-

motion constraint on controller performance and the results

shown in the right column of Fig. 10 and Fig. 11. Similar

trends are observed in the power-to-load ratio as the zero-flap

configuration still provides the maximum values, but there is a

local peak in the low-frequency regime (see Fig. 10(b)). This is

a result of the OSWEC motion hitting the pitch-displacement

constraint, Fig. 11(d), which prevented the optimum oscillation

amplitude from being reached. As discussed at the end of

Section III-A1, the baseline control case will be required to

increase the PTO damping coefficient to meet the motion

constraints. This reduces the motoring requirement of the PTO

unit, which is followed by a decrease in structural loads per

unit wave amplitude (see Fig. 10(f) and Fig. 10(h)).

VI. CONCLUSION

This paper has utilized pseudo-spectral control (PSC) with

a multiterm objective function to balance power absorption

against structural loading for a novel oscillating surge wave

energy converter (OSWEC). The results from PSC were cor-

rected to account for the losses associated with bidirectional

energy flow when utilizing a nonideal power-take-off (PTO)

unit. PSC performance was tuned based on the selected penalty

weights, which allow controller emphasis to be placed on

either power absorption or load mitigation. Although the PTO

efficiency was not directly represented in the objective func-

tion, the choice of certain penalty weight combinations leads

the optimizer to converge toward the baseline control case

while reducing the influence of the PTO efficiency on power

absorption. Thus, future controller design may utilize penalty

weights in the objective function to successfully represent

losses associated with use of a nonideal PTO. This allows

the objective function to remain convex, thereby reducing the

computational demand and solution time. It was found that

for certain penalty weight combinations, the surge-foundation

force and PTO control torque magnitude decreased at a greater

rate than output power, providing the greatest power-to-load

ratios. However, the location of the optimum penalty weight

contours varied based on the wave angular frequency and

OSWEC geometry.

Although PSC has been used in previous investigations

[6] and [30], this work has examined how reversing the

order in which the flaps are opened affects the power and

load performance. By opening the flaps from the bottom to

top in ascending order, the reduction in the hydrodynamic

coefficients was found not to be as large when compared to the

descending top-to-bottom order [4]. However, the reductions

in the hydrodynamic coefficients are still nonuniform and finer

control may be obtained by utilizing a greater number of flaps

with varying height [19]. This work has also shown that for

a fixed-bottom OSWEC, the hydrodynamics favor the closed

flap configurations when considering passive energy harvesting

(Cg = 0). Therefore, the variable geometry will be predomi-

nantly for load shedding in moderate-to-large sea states while

maintaining a rated power level. In moderate-to-large sea states

the pitch-displacement constraint limits the adverse effects

from a nonideal PTO. As the wave amplitude increased, the

PTO damping coefficient must be increased to stay under the

pitch motion constraint, thereby reducing the PTO spring-to-

damping ratio. This convergence helps to explain why results

from PSC at larger wave amplitudes have an increase in

response after running into the pitch displacement constraint.

Once the pitch displacement amplitude is limited, the PSC

has fewer options in which to limit the structural loading,

and the increases in the power-to-load ratio are reduced. The

results from this work continue to demonstrate how shedding

a portion of the available wave energy at any wave amplitude

can lead to greater reductions in structural loading and reactive

power requirement, which may assist in the realization of

advanced control strategies.
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Fig. 10. The results for the power-to-load ratio, nondimensional-capture width, PTO-control torque, and surge-foundation force for the zero-, one-, two-, and
three-flap open geometry with a PTO efficiency of 80%.
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(c) Pitch-Velocity Amplitude, |iωξ5|, with a 0.25-m Wave Amplitude
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(d) Pitch-Velocity Amplitude, |iωξ5|, with a 1.00-m Wave Amplitude

Fig. 11. The reactive power requirement and pitch displacement amplitude results for the zero-, one-, two-, and three-flap open geometry with a PTO efficiency
of 80%.
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