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Abstract— Ocean wave energy has the potential to play a
crucial role in the shift to renewable energy. In order to
improve wave energy conversion techniques, it is necessary
to recognize the sub-optimal nature of traditional sequential
design processes due to the interconnectedness of subsystems.
A codesign optimization in this paper seeks to include effects
of all subsystems within one optimization loop in order to
reach a fully optimal design. A width and height sweep
serves as a brute force geometry optimization while optimizing
the power take-off components and controls using a pseudo-
spectral method for each geometry. An investigation of electrical
power and mechanical power maximization also outlines the
contrasting nature of the two objectives to illustrate electrical
power maximization’s importance for identifying optimality.
The codesign optimization leads to an optimal design with a
width of 12 m and a height of 10 m. Ultimately, the codesign
optimization leads to a 62% increase in the objective function
over the optimal design from a sequential design process while
also requiring only about half the power take-off torque.

I. INTRODUCTION

As human populations and the dependence on electricity
further increase, many of our current energy production
methods prove unsustainable [1] while renewable sources of
energy become more feasible through technological improve-
ments. Due to significant temporal and spatial variation in
renewable resources, each source of renewable energy will
need to play a part in the future. One of those resources
is the Earth’s vast oceans which has a worldwide potential
of 2.11 + .05 TW [2], approximately 250 times the annual
power production of the U.S. in 2020. Harvesting energy
from ocean waves has been a lasting challenge for engineers
for over half a century. Various methodologies have been
applied to the design of wave energy converters (WECsSs),
resulting in a wide variety of devices such as point absorbers
[3], oscillating water columns [4], and oscillating surge
WEGCs [5]. Each of the WEC types present their own design
considerations and constraints.

Regardless of WEC type, the design process often follows
a specific, sequential order. First, the geometric design, or
WEC shape, is designed with a certain objective function
in mind such as maximizing mechanical power harvested
over a cost function such as surface area or volume as
in [6] and [7]. Next, the power take-off (PTO) system is
designed to transfer the maximum amount of mechanical
energy to harvestable electrical energy, which is done in [8].
Lastly, a control scheme is applied, often with the goal of
further maximizing the mechanical power delivered to the
device. This traditional design process fails to consider the
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connectedness of the WEC system, and each step in the
design process further restricts future steps [9]. For WECs,
the geometric design is affected by both the PTO system
employed and the control method, which rely on each other
as well. Although a sequential design can lead to optimal
controls for the geometry and power take-off considered, the
geometry and power take-off may not be optimal for the con-
trols implemented. Because of the innate interdepedencies
between the WEC subsystems, the sequential design process
leads to sub-optimal designs.

A fully optimal design requires synergistic decision mak-
ing by the engineer to account for the subsystem interactions.
In contrast to sequential design, codesign is a philosophy
that considers the entire system as well as subsystem inter-
actions. Application of codesign to wave energy converters is
limited and previous studies have yet to focus on the design
of all subsystems simultaneously. [10] sets up a potential
codesign framework, but does not present the results of an
application of the framework. [11] discusses each subsystem
and emphasizes both physical and electrical constraints, but
does not consider the effects that the codesign process has
on geometric design, thus not fully exploring an important
facet of codesign: the restriction that initial geometric de-
sign places on subsequent PTO and control design. [12]
suggests a method of consolidating design into a two-port
model including the geometry, power take-off, and controls,
a model which is applied and expanded upon within this
paper. A holistic perspective to WEC codesign suggested
in this paper optimizes the geometry, power take-off, and
controls simultaneously to maximize the potential electrical
power. The concepts of the codesign study in this paper
are carried out for an oscillating-surge bottom-hinged wave
energy converter, but are intended to be versatile enough to
be applied to other WEC types.

This paper details the codesign process carried out to
optimize the geometry, power take-off, and controls for an
oscillating-surge WEC. In Section II, the hydrodynamics
are detailed, the optimization procedure is illustrated, the
governing equations for the power take-off are solved, and
the controller and its optimization method are described. The
results of the full codesign optimization procedure are shown
in Section III-A. Section III-B compares the codesign results
to the results of a sequential design process. Lastly, Section
IV presents the conclusions of the codesign study performed.
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Fig. 1: Codesign Optimization Loop for Oscillating-Surge
WEC

II. SYSTEM MODELLING

Codesign requires careful consideration of the subsystems
involved in design and their interactions. For a wave energy
converter, the primary subsystems are the harvesting struc-
ture, the power take-off, and the controls. In order to properly
assess a design, each of these three components need to
be taken into account. The proposed codesign optimization
procedure is displayed in Figure 1. In the outer loop, the
geometry is defined and the hydrodynamic parameters cal-
culated using Capytaine (Section II-A). Within the inner op-
timization loop, the power take-off parameters are optimized
(Section II-B) and an unstructured controller is optimized to
maximize the electrical power while considering amplitude
constraints (Section II-C). By looping through a series of
geometries (candidates) and determining optimal controls
and power take-off parameters for each, a brute force outer
optimization loop is achieved for which a design objective
can be evaluated to determine an optimal design from the
candidate designs.

A. Modelling and Simulation of WEC geometry

This codesign study is centered around a bottom-hinged
oscillating-surge type WEC, which is essentially a flap
pitching about an axis moored directly to the sea bottom.
The device itself will be subsequently referred to as a flap
with the expected wave propagation perpendicular to the flap
surface. The original design has a height of 7 m, a width of
10 m, and a thickness of 2 m with 1 m of the flap piercing
the water’s surface. WecOptTool [13], an open-source soft-
ware designed for WEC codesign optimization, facilitates
a codesign approach to optimizing the flap geometry with
consideration of the electrical power generated by PTO and
control systems. Within the WecOptTool, the geometry is
specified and meshed using Pygmesh with a mesh size factor
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Fig. 2: Diagram showing side-view of all widths and heights
considered for geometry optimization

of 0.5 and the hydrodynamics calculated according to linear
potential flow theory using an open-source boundary element
method (BEM) software Capytaine [14].

Throughout this paper, an irregular JONSWAP spectrum
[15] wave with a height of 2 meters and a period of
8.33 seconds is considered. Although it may be beneficial
to examine multiple sea states, this paper focuses on an
optimization procedure intended for a single defined sea
state. The established sea state and BEM results allow for
the hydrodynamics to be applied to the flap device based on
the mechanical impedance (Z;) and excitation forces (7eyc).

For the geometry analysis, a simple parameter sweep
of the width and height of the flap is performed while
optimizing the PTO and controls for each geometry and
examining results. Ranges of 2 - 20 m and 4 - 40 m were
considered for the height and width of the flap, respectively
(Figure 2)

For any design analysis, the objective function is
paramount. Although extracted power is very important for
WEC design, cost is also a significant factor. A balance
needs to be found to minimize cost while maximizing usable
power. Although calculating WEC cost is not a simple task, it
can be reasonably accurately represented by the surface area
for full-scale systems [16]. Therefore, the objective function
considered for analysis in this paper is the electrical power
divided by the 3-dimensional surface area (Eq. 1).

Pelec (1)

maxF =
Asurf

Through examination of the above objective function, an
optimal geometry which takes into account optimal PTO and
controls can be selected.

B. PTO Design and Optimization Procedure

The power take-off system for this wave energy converter
is a linear mechanical PTO consisting of a drivetrain and a
generator in Figure 3. As the device rotates about its hinge,
a belt system attached to the top of the flap drives the PTO
system.
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Generator

Fig. 3: Diagram of the power take-off design for the
oscillating-surge WEC

PTO
(represented
as a two-port

network)

Fig. 4: System diagram with PTO represented by a two-port
network

The PTO design can be broken down into the following
parameters and components (Table I) and represented by the
two-port network in Figure 4 [12].

TABLE I: PTO Components
N - gear ratio K; - torque constant

Z, - drivetrain impedance | Z,, - winding impedance
Z. - controller impedance Z1, - load impedance

The gear ratio represents a gearbox system which transfers
the rotation of the flap to the rotation of the drivetrain shaft

(Eq. 2).

Wshaft = wflapN (2)

The drivetrain is then used to transfer energy along the
shaft to the generator. Drivetrain impedance (Eq. 3) consists
of the drivetrain’s added inertia (I;), damping (B;), and
stiffness (K4); motor winding impedance (Eq. 4) depends on
its winding resistance (R,,) and inductance (L,,); controller
impedance (Eq. 5) is a function of the proportional (K,) and
integral (K;) gains being applied. The load impedance can
be designed in order to maximize the energy delivered to the
load. The optimal load impedance is selected by matching
the complex conjugate of the controller’s impedance as seen

_ _73K§N 2
ZyN? — Z,.
In accordance with a two-port model, the effort variables

can be formulated in terms of the flow variables to construct
the PTO matrix in Eq. 7.

Zr, — Zw (6)

3
[TPTO] — [Zpro] [w] _ N?Z, _\/;KtN [w]
v i \/g K,N Zw i
(7
The electrical power harvested by the load can now be
defined by Eq. 8.

1.
b = §|2L\QRL ®)

By manipulating the PTO impedance matrix in Eq. 7, the
load current can be derived to calculate electrical power.
Hence, the PTO optimization problem with PI control can
be formulated as in Eq. 9 where 7., is the excitation torque
due to waves and Z; is the impedance of the WEC device
as calculated by Capytaine. The PTO system extracts energy
out of the system, thus the equation is negative.

—%K§N2|Fem\2Real(ZL)
2|((N2Zg+ Z;)(Zw + Z1) + SKZN?|?
subject to:
250 < N < 500
A< Ky <12Nm/A
2 < I; < 20kgm?
—1le9 < K, < 1e9Ns/m
—1e9 < K; < 1e9N/m

minP; =

(€))

The design variables for this optimization are the gear
ratio, torque constant, drivetrain inertia, proportional gain,
and integral gain, which all have constraints according to
reasonable design limits. Although the constraints listed are
not strictly measured values, they provide a range of feasible
designs to be assessed by the optimization algorithm. The
initial values used for the PTO component optimization were
determined based on the baseline design before optimization
(Table II) with some parameters kept constant (based on sim-
ilar WEC device in [8]) to avoid unnecessary optimization
complications and unrealistic PTO designs.

TABLE II: Baseline PTO Parameters and Constants

by the load [12] in Eq. 6. N =350 Q K:; = 3 Nm/A
K I; = 6 kgm? R,, = .038  (const)
. d
Zg=jwly+ Bg + T 3) L, = 1.4 mH (const) | By = 2 N/m/s (const)
J K4 = 0 N/m (const)
Zw = jwLy, + Ry, 4) It is important to note that the PTO optimization also
optimizes the control gains, but does not take constraints
7 K K; 5 into account. Therefore, the controls are re-optimized as
e =MHp+ ]TJ ®) discussed in Section II-C. This is because the value of the
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PTO components directly impacts the nature of the calcu-
lation of electrical power for control optimization, meaning
the chosen Sequential Least Squares Programming (SLSQP)
optimization algorithm is unable to successfully optimize
both PTO and control parameters simultaneously. Since the
subsequent control optimization does take constraints into
account, an assumption made by this paper is that the
PTO optimization would not change drastically based on
constraints, and the control optimization is able to suffi-
ciently account for the constraints without compromising the
integrity of the optimization procedure.

C. Controller Design and Optimization Procedure

Thus, after performing PTO optimization, the controls
could be optimized for each geometry. The process utilized
for control optimization in this study is known as the pseudo-
spectral method [17] and alters the control variables to min-
imize average electrical power while maintaining accurate
dynamics (Eq. 10). Within this study, a collocated [18],
unstructured controller is considered. In this case, the control
variables are the prescribed torques at each timestep, while
the collocated nature of the controller means that the PTO
is assumed to be able to match the desired torque at each
timestep.

The pseudo-spectral method is advantageous for early-
stage design optimization for two reasons: the ability to
take into account constraints and the use of an unstructured
controller. It would be computationally more expensive to
apply a predictive controller to each potential design, so
taking into account constraints within optimization allows
for quick, yet effective controls. Despite not using a com-
putationally expensive controller, the pseudo-spectral method
can still approximate the potential of a more robust controller
with an unstructured controller. The unstructured controller
essentially assumes a predictive model can always predict
the optimal control signal. Although this assumption is not
entirely accurate, it provides a good estimate of the potential
of a robust controller without the computational expense and
intensive controller setup.

With the optimized PTO components, the time-averaged
current and voltage can be determined to calculate the time-
averaged electrical power, leading to the control optimization
problem (Eq. 10).

minPrje. = vrig
subject to:
I = Tewe(t) + Traa(t) + TPro(t) +75(t) + 74(8)
|9wec| < emax
(10)

In the above optimization setup, vy, is the voltage across
the load, ¢y, is the current across the load, I is the pitch
inertia of the WEC, w is the rotational acceleration in
the pitch direction, 7,4 is the radiation torque, 75 is the
torque due to buoyancy, 7, is the torque due to gravity,
and 6. is the WEC rotational position. The first constraint

is an equality constraint which defines the dynamics of
the wave energy converter, and the second constraint is
an inequality constraint which limits the WEC motion to
30° of rotation based on physical design limitations. PTO
constraints (torque, power, etc.) were considered, but left out
of this optimization to allow for flexibility in PTO design.
It is important to note the electrical power is minimized due
to the convention that power harvested from the system is
considered negative. The result of the optimization is the
optimal average electrical power and a set of control toques
corresponding to each time step.

III. SIMULATION RESULTS AND DISCUSSION

A. Geometry Sweep with Electrical Power Maximization

In order to determine an optimal geometric design, the
height and the width of the flap were varied according to
Figure 2. The PTO and controls were optimized for each
geometry according to the procedures in Sections II-B and II-
C, respectively. The results from the geometry optimization
are illustrated with Figure 5. The largest flap led to the largest
potential power (P, corresponds to the upper bound for
mechanical power), while the widest flaps with a height of
around 8 m led to the largest electrical power harvest. But,
as discussed in Section II-A, it is important to consider both
the energy harvesting capabilities and the estimated cost of
the system. The objective function (Eq. III-A) is defined as
the electrical power output divided by the surface area of the
flap and is used to identify a geometry with a height of 10
m and a width of 12 m as the optimal design.

It is also important to recognize the optimization setup
may not account for all design factors. Often, the amplitude
and PTO torque are of large importance to the robustness
needed for an oscillating-surge WEC system and mooring. In
terms of WEC motion, most of the optimal designs have the
same maximum position due to the amplitude constraint. On
the other hand, the PTO torque requirements experience more
variation, with some similarly effective designs requiring
smaller PTO torques. Although the smaller PTO torques may
have design benefits, the current optimal design (w = 12 m,
h = 10 m) can be accepted because the material costs, which
are related to surface area, are the main factor in the cost of
full-scale WECs [16].

For the optimal geometry selected, the optimized PTO
components are detailed in Table III.

TABLE III: Optimal PTO and Control Parameters
N =500 K; =12 Nm/A
Iy = 20 kgm? R,, = .038  (const)
L, = 1.4 mH (const) | B; = 2 N/m/s (const)
K4 = 0 N/m (const)

The optimized system requires a maximum PTO torque
of 11,000 kNm (22 kNm to the generator) and a maximum
amplitude equal to the specified amplitude constraint (30°),
while producing an average electrical power output of 274
kW leading to an objective function value of 0.835 (Figure
5).
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Fig. 5: Codesign Optimization Loop Results

B. Comparison to Sequential Design Process

In this section, the maximization of electrical power versus
mechanical power is assessed, and the codesign optimization
procedure, which optimizes the geometry, power take-off,
and controls simultaneously to maximize electrical power, is
compared to a sequential design process that optimizes the
components one by one.

First, it was important to understand the effect of electrical
power maximization including the two-port PTO model.
For the optimized flap determined in Section III-A, the
pseudo-spectral method was used to optimize an unstructured
controller first to maximize electrical power, then separately
to maximize mechanical power (Table IV). Although the
resulting position and velocity are similar, the mechanical
power maximization leads to a larger torque and much higher
electrical measurements. It is worth noting that the position
and velocity are the same due to the amplitude constraint
which is inherent to the flap design; a looser constraint
(such as with a point absorber WEC) would very likely lead
to larger displacement and velocities along with amplifying
torques further. The larger torque, current, and voltages
needed for mechanical power maximization would require
a higher-rated system, increasing cost. Further, although the
mechanical power maximization leads to a larger average
mechanical power (356 vs. 337 kW), the average electrical
power harvested is significantly lower (187 vs 274 kW).
Electrical power maximization leads to effective controls that
substantially increase the average electrical power.

The above comparison suggests the essential maximization
of usable electrical power rather than mechanical power
when performing any design optimization procedure. The
intricacies of WEC design mean that the maximum mechan-
ical power does not lead to the maximum electrical power
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Optimization Results (Optimal PTO)
Result Mechanical Electrical Power
Power Maximization
Maximization
Omaz (rad) 0.524 0.524
Omax (rad/s) 0.382 0.382
Friaz (KNm) 11,600 11,000
Imaa (A) 3,490 1,970
Vimaz (V) 4,310 3,130
Prrcch,avg kW) || 356 337
Pelec,avg kW) 187 274

TABLE IV: Comparison of the maximization of mechanical
power versus the maximization of electrical power for an
optimized system

and can require higher cost components. An optimization
procedure with regard to electrical power ensures that the
maximum usable output power is achieved, and the subse-
quent design considerations (such as less robust and less
expensive components) for achieving maximum electrical
power can be realized.

In order to understand the benefits of the full codesign
optimization procedure carried out within this paper, a
comparison to the sequential design process can be made.
For a sequential design process, an optimal geometry is be
selected before optimizing the power take-off and controls.
By considering the optimized mechanical power for each
shape and dividing by the surface area, an optimal geometry
according to sequential design can be selected as in Figure
6 with a width of 8 m and a height of 16 m. Then, in
accordance with the sequential design process, the power
take-off was optimized before finally optimizing controls.

Ultimately, this sequential design process led to an electri-
cal power output of 182 kW and an objective function value
of 0.518. The optimal design as defined by the codesign pro-
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cess (Section III-A) offers a 34% improvement in electrical
power and, more importantly, a 62% increase in the objective
function over the sequential optimization. Another factor to
consider is the required power take-off torque which, for the
design from the sequential design process, is over twice that
of the codesign optimal design, meaning the PTO system
would incur much higher costs when using a sequential
design process.

IV. CONCLUSION

Within this codesign optimization process for a bottom-
hinged oscillating-surge wave energy converter, the geom-
etry, power take-off, and control subsystems have been
optimized in one optimization loop to ensure a fully optimal
design. The effect of maximization of electrical power versus
the maximization of mechanical power and the benefits over
sequential design are also studied.

Through the codesign optimization study, an optimal de-
sign is established which has a width of 12 m, a height
of 10 m, and optimal PTO and controls. This optimized
design leads to an average electrical power output of 274
kW and an objective function value of 0.835. Next, the
significance of electrical power as the usable harvested power
is reinforced for optimization objectives by illustrating how
maximum mechanical power does not lead to maximum
electrical power and often leads to higher cost designs.
Lastly, when compared to a sequential design process, the
codesign process carried out in this paper leads to a very
significant increase (62%) in the objective function.
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