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ABSTRACT

Wave energy is a promising renewable energy resource for
coastal regions around the world, but is not yet an economically
competitive source of electricity. More effective power take-off
(PTO) designs would help to make wave power a feasible and
clean source of energy. To do this, PTOs need to: i) enable
controlled actuation, ii) convert absorbed energy into electric-
ity efficiently, and iii) have minimal manufacturing costs. We
propose a new PTO architecture that can exert arbitrary con-
trol loads on the WEC to maximize energy capture, enabling
the downsizing of expensive electrical components while main-
taining high efficiency. Our PTO design is based upon a hy-
brid hydraulic-electric architecture (HHEA). This paper com-
pares the performance of the HHEA PTO against two other PTO
designs: 1) a baseline PTO consisting of a system of rectifying
check valves and accumulators, and 2) a PTO consisting of an
electro-hydraulic actuator (EHA). The HHEA PTO is shown to
produce much more power than the check valve PTO and the
EHA PTO. Also, the required electric generator sizes for the
HHEA are smaller than that of the EHA PTO. The reduced size
of these components allows for a WEC which is less expensive to
manufacture.

∗Previously with the Department of Mechanical Engineering, University of
Minnesota.

†Address all correspondence to this author.

1 Introduction
Wave energy represents an important opportunity for in-

creased clean energy production as well as clean water produc-
tion. It has the potential to generate massive amounts of en-
ergy [1] and has been studied to desalinate ocean water [2]. Wave
energy is thus of particular interest because it may be able to aid
humanity in such pressing issues as climate change and water
scarcity, which are predicted to worsen dramatically in the com-
ing years [3, 4]. The commercialization of this technology has
been hampered by two main problems: the survivability of the
device in extreme ocean weather is low, and the levelized cost of
energy production from wave energy converters (WECs) is too
high. The latter is due to the high monetary cost of manufactur-
ing and upkeep compared to the amount of energy the device can
produce. To address the second problem, it is important for each
WEC to capture as much energy as possible and to transmit the
captured power efficiently while keeping total cost low.

Fig. 1 illustrates the function of a power-takeoff (PTO) of
converting the power from the WEC motion into electricity. The
PTO can also play the role of controlling the WEC to operate
in conditions that allow more energy to be captured from the
waves. Many PTO strategies exist, including hydraulics, air tur-
bines, hydro-turbines, as well as direct mechanical and electrical
drives, [5]. Hydraulics are popular because of the high power in-
volved. A review of hydraulic PTO designs can be found in [6].

Effective PTO architectures can help lower the levelized cost
of energy (LCOE) of WECs. In order to do this, the PTO must
be inexpensive and efficient in transmitting the captured energy
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to the generator. Also since effective control algorithms can dra-
matically increase the amount of energy capture [7], it is useful
if the PTO can apply a controlled force on the WEC to execute
motion that can capture the maximum energy.

This paper proposes a novel power take-off (PTO) design
based upon the hybrid hydraulic-electric architecture (HHEA) as
shown in Fig. 2. The HHEA was originally proposed for mo-
bile machines in [8] to combine hydraulic actuation and electric
actuation in a complementary manner. The majority of power
is transmitted hydraulically via a set of common pressure rails
and small electric components are only used to modulate this
power to satisfy the requirement of the drive cycle. It has been
shown to significantly reduce energy losses while keeping the
electrical motor sizes at a fraction of what direct electrification
requires [8, 9]. As a PTO for WECs, the potential advantages
are power transmission efficiency, ability to control the WEC by
exerting arbitrary forces, and the possibility to operate the main
electric components at mean power instead of peak power. The
latter is useful in reducing the electric component size and hence
capital cost.

To understand the comparative attributes of the HHEA PTO,
this paper presents a case study whereby the HHEA PTO is
compared with two other hydraulic PTOs in the literature based
on three main attributes. The other two PTOs are a rectifying
check valve circuit that is efficient and inexpensive but lacks
the ability to control the WEC arbitrarily, and one based on an
electro-hydraulic actuator (EHA) which relies on the electric mo-
tor/generator to control the WEC. The three attributes to be con-
sidered are: i) the PTO’s ability to control the motion of the
WEC; ii) the PTO’s ability to convert absorbed energy into elec-
tricity efficiently; and iii) the cost of the PTO. The end goal of
these specifications is to lower the levelized cost of energy. The
HHEA PTO is shown to be able to reduce the levelized cost of en-
ergy by downsizing electrical components while keeping power
absorption high.

The rest of this paper is organized as follows. Section 2
presents the HHEA-PTO and the two other PTOs to be com-
pared. The case study is presented in Section 3. Section 4
presents the results of the comparison. Section 5 presents con-
cluding remarks.

2 Three Power Take-Offs for Comparison
The three hydraulic PTOs to be compared are presented in

this section. Each PTO uses a hydraulic actuator mechanically
connected to the WEC to first convert the mechanical energy of
the WEC to hydraulic energy.

2.1 Hybrid Hydraulic-Electric Architecture
The hybrid hydraulic-electric architecture (HHEA) PTO is

shown in Fig. 2. It consists of a set of common pressure rails

FIGURE 1: Definition of the power take-off (PTO) [10].

FIGURE 2: Simplified schematic of the HHEA system.

(CPRs) and a Hydraulic-Electric Control Module (HECM). The
system can create any required output force by choosing a com-
bination of hydraulic pressure rails and fine tuning the desired
force electrically via the electric motor driven pump. Suppose
there are n CPRs at pressure levels pR1, pR2, . . . , pRn, the desired
PTO force FPTO can be met by a combination of pressure rail
force Frails(pA, pB) and electric actuated force Felect :

(PAAcap−PBArod)︸ ︷︷ ︸
Frails(pA,pB)

+Felect = FPTO (1)

where Acap and Arod are the cap and rod side areas of the actuator.
In this case study, we consider a double ended actuator, so Acap =
Arod . By choosing the CPRs, pA, pB ∈ {pR1, pR2, . . . , pRn}, so
that Frails is close to FPTO, the size of Felect and hence the size and
cost of the electric motor in the HECM can be reduced. As the n
CPRs can provide potentially n2 discrete Frails levels, increasing
n decreases the requirement for the HECM electric motor size,
since the HECM need only provide half the difference between
two adjacent rail forces. See Fig. 7 as an example.

The CPRs are fed by a fixed displacement pump/motor -
electric motor/generator combination that is referred to as the
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main motor/generator via a set of switching valves. The CPRs
are assumed to have adequately sized accumulators for buffer-
ing flow so that the main motor/generator can be sized for mean
power rather than peak power.

Notice that the HHEA is throttle-less by design and the
switching valves are efficient in both the on and off states. The
system can also utilize the hydraulic accumulators or electric bat-
tery to store and regenerate energy. It can also occasionally sup-
ply power to, instead of absorb power from, the WEC actuator.

The main differences between the HHEA-PTO and the
HHEA proposed for mobile machines in [8] are that the direction
of net power flow is opposite (the PTO absorbs net power from,
instead of supplying power to, the WEC actuator), and that the
electric motor/generator has replaced the role of the I.C. engine.

FIGURE 3: Schematic of the check valve PTO.

2.2 Check Valve PTO
The check valve PTO consists of a set of rectifying valves,

two accumulators, a hydraulic motor and an electric generator
(Fig. 3). As the piston moves, pressure builds and flow is di-
rected to the high pressure accumulator by the rectifying valves.
The rectifying valves ensure that high pressure fluid is directed
to the high pressure accumulator regardless of whether the piston
is extending or retracting. The presence of the accumulators en-
sures that the pressure across the hydraulic motor is nearly con-
stant. The rotary generator is operated at a constant speed. Be-
cause of the constant pressure and speed, the motor and generator
can be operated at near peak efficiency. However, the load acting
on the WEC actuator is determined by the pressures in the ac-
cumulators, which cannot be varied quickly to provide arbitrary
load on the actuator.

2.3 Electro-Hydrostatic Actuator PTO
The EHA PTO consists of a bidirectional, variable displace-

ment hydraulic pump/motor and an electric generator (Fig. 4).

The generator is operated at constant speed, and the fractional
displacement of the hydraulic pump can be varied with time to
achieve the desired drive cycle. Because the displacement of the
pump is variable, the system is controllable. It is therefore ex-
pected that the EHA PTO will be able to execute the optimal
control drive cycle.

FIGURE 4: Schematic of the electro-hydrostatic actuator (EHA)
PTO.

3 Case Study
3.1 OSWEC and WEC-Sim

The WEC device studied here is the oscillating flap or oscil-
lating surge WEC (OSWEC) (Fig. 5). In the OSWEC archetype,
a hinged flap rotates over a fixed or moored base, perpendicu-
lar to incoming waves. Many variations on the OSWEC have
been developed, including the Oyster [11], the WaveRoller [12],
the Langlee OSWEC [13], the Resolute Marine Energy OSWEC
[14], or the Reference Model 5 (RM5) [15]. The OSWEC stud-
ied in this paper is the model in WEC-Sim’s PTO-Sim applica-
tion [16] and is bottom-fixed and approximately 11.5m tall and
18m wide. A schematic of a general OSWEC is shown in Fig. 5.

Due to the high cost of experimental ocean testing, the abil-
ity to test a WEC via computer simulation is extremely impor-
tant. The Wave Energy Converter Simulator (WEC-Sim) is a tool
developed by Sandia National Lab (SNL) and NREL [17] for this
purpose. It is a MATLAB-Simulink-Simscape based program
that simulates a WEC coupled with various controllers, PTOs,
and moorings over a variety of sea states [17]. WEC-Sim has
been validated for various WEC cases. Here, the PTO-Sim OS-
WEC model is analyzed using the WAMIT boundary element
method hydrodynamic coefficients available in WEC-Sim.

The wave spectrum considered here is the regular wave spec-
trum with a height of 2.5 meters and a period of 8 seconds. The
simulation is run in WEC-Sim for 200 seconds and allows for
50 seconds of ramp time for the WEC motion to move out of
its start-up phase. No mooring system is considered; the WEC
is considered fixed to the ocean surface. The device geometry,
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mass and hydrodynamic coefficients are identical to the OSWEC
device in WEC-Sim’s PTO-Sim Application.

FIGURE 5: Schematic of a general OSWEC device. Reproduced
from [15].

3.2 Control Method and Drive Cycle
The force FPTO that the actuator exerts onto the WEC is im-

portant for controlling the WEC motion to maximize the power
absorbed from the waves. It has been shown that control strate-
gies play a key role in the amount of energy that can be captured.
An non-exhaustive list of control strategies include [7, 18–20].
Instead of focusing on control strategy design, this paper is con-
cerned with the PTO’s ability to execute a desired drive cycle
specified by the control law. The drive cycle consists of a motion
and force on the actuator, (x(t),FPTO).

FIGURE 6: Force and velocity trajectories to be tracked by the
PTOs.

Power is the multiplication of a force and a velocity. All
power take-offs must balance between supplying a high enough
resistive force to constrain a WEC and generate power with a
low enough force to allow the WEC to move and respond to an
incoming wave. If considering a linear system, the WEC control

strategy that maximizes the energy capture is one that matches
the impedance of the WEC. Since the linearized WEC dynamics
in the Laplace domain are:

(
s(M+m(ω))+Bv +R(ω)+

S
s

)
︸ ︷︷ ︸

Z(s)

v(s) = Fe(s)+FPTO(s)
(2)

where v(s) is the WEC’s velocity, M is the inertia of the WEC,
m(ω) is the hydrodynamic added mass at the excitation fre-
quency, Bv +R(ω) is the drag and radiative damping coefficient,
S is the hydrostatic stiffness, Fe(s) is the excitation force, and
FPTO(s) is the PTO force, the feedback control that maximizes
the energy capture is the conjugate of the impedence:

FPTO( jω) = Z∗( jω)v( jω) = Z(− jω)v( jω) (3)

When the excitation frequency ω is known, a proportional-
integral controller can be used to determine the PTO force

FPTO(s) =
Kps+Ki

s
v(s) (4)

in such a way that Kp +
Ki
jω = Z(− jω). Details of the derivation

are in [21].
Since only regular waves are considered here, the PI control

will be optimal. This is a significant simplification but this paper
is only concerned with the PTO architecture’s ability to realize
a control law, and not the derivation or generality of that control
law. Applying this PI controller to the OSWEC in WEC-Sim
resulted in the drive cycle for the PTO force and WEC velocity
trajectories (FPTO(t),v(t)) as shown in Fig. 6. The force and
velocity are out of phase, which means that the power is bidirec-
tional.

For the HHEA-PTO and EHA-PTO, the drive cycle in Fig.
6 will be tracked. For the check-valve PTO, since the desired
FPTO cannot be achieved, the force the PTO enacts on the WEC
is determined exclusively by the trajectory of the WEC as in [16].

3.3 PTO-Modeling
The subject of this paper is to compare each PTO on three

specifications. First, can the PTO control the motion of the
WEC? Second, how efficiently can the PTO convert absorbed
energy into electricity? And third, how expensive is the PTO?
While the first question can be answered by inspection of each
PTO, the second and third questions require more analysis. To
answer these questions, each PTO was modeled to calculate the
efficiency and required component sizing of each PTO.

4 Copyright © 2021 by ASME



In all 3 PTOs, the working fluid is assumed to be incom-
pressible. All electrical motor/generators were assumed to be
90% efficient. The efficiency characteristics of the hydraulic
pump/motors used are taken from that of a bent-axis pump/motor
in [22,23] with displacement scaled to the values appropriate for
the PTOs. For the HHEA-PTO and EHA-PTO, static analysis
are performed. The check-valve PTO is simulated in WEC-Sim
where accumulator dynamics are accounted for (see [16]).

3.3.1 HHEA-PTO For the HHEA-PTO, the common
pressure rails (CPRs) are assumed to always be at the prescribed
pressure level. Line losses are ignored. The accumulators on the
CPRs are assumed to be sufficiently large so that the power flow
between the main motor-generator and each rail is unidirectional.
Throttling losses are present during each switch from one CPR
to another.

Throttling losses result from the following. Either end of
the cylinder may be receiving flow from any one of the available
CPRs at each time. If it is desired that the CPR connected to
either end of the cylinder should switch to another CPR, then
two things must happen. First, the valve that was previously open
must be closed. Second, the valve corresponding to the desired
CPR must be opened. Because there will be a pressure difference
across, and a flow through, each valve as this happens, there will
be energy lost. To minimize this loss, there is a small delay (15
ms) between the closing of the first valve and the opening of the
second. The valve is modeled as a second order underdamped
system. The valve is assumed to be able to close or open in 35
ms. These losses occur each time it is desired there be a switch
of CPRs at either end of the cylinders. The amount of energy lost
per switch depends on the velocity of the WEC at the time of the
switch.

The selection of pressure rails over the course of the drive
cycle was determined using an optimization algorithm modified
from [24] that minimizes the energy losses:

min
d(·)

∫ T

0
LossHECM(t,d(t))dt +

n

∑
i=1

LossMG,i(Vi) (5)

where d(t) is the selection of the CPRs at each instance,
LossHECM(t,d(t)) are the power losses in the electric gen-
erator/drive and hydraulic pump/motor with the HECM, and
LossMG,i is the losses in the main generator and hydraulic
pump/motor associated with supplying or absorbing flow from
each pressure rail i. Since this latter loss depends on the direc-
tion of the net flow Vi on each rail, the optimization algorithm
in [24] decomposes the original optimization problem into mul-
tiple sub-problems to be solved. A major difference between
here and the I.C. engine powered case considered in [24] is that
the net battery use equality constraint is removed since the net

power source/sink is the electric grid. Throttling losses are not
included in the optimization done here but are added back when
calculating energy captured. Future work is needed to include
these losses in the optimization algorithm. Including them will
only improve the performance of the HHEA PTO.

A hydraulic pump/motor is required to supply or absorb the
net flow in each rail. The electric generator is operated at a con-
stant speed of 3000 RPM. The rail selections chosen for this drive
cycle result in only one rail having a non-zero net flow; and the
accumulators are assumed to be large enough to handle swings
in flow. Because of this, the main hydraulic pump/motor can op-
erate at full displacement, and constant power to deal with the
flow from that rail.

After the pressure rail choices are selected, the required
torque from the HECM unit is known. The rotational velocity
of the HECM is determined by the velocity of the WEC. With
the required speed and torque, the maximum energy required to
be processed by the HECM generator can be calculated. This
determines the required size of the HECM generator. The size of
the HECM pump/motor is determined exclusively by the velocity
trajectory of the WEC.

3.3.2 Check Valve PTO The modeling and simulation
of the check valve PTO are done using WEC-Sim [17, 25]. The
check valve PTO is described in [16] and the reader is referred
to this paper for more details. The electric generator is the same
in all three PTOs. It is important to note that this PTO is not
controllable, and therefore did not follow the same drive cycle
force and velocity trajectories as the other two PTOs. This is an
inherent disadvantage of the check valve PTO.

This model considers incompressiblity effects. Flow
through the check valves are modeled using a modified orifice
equation. Accumulator dynamic are modeled such that the pres-
sure in each accumulator is dependent on the instantaneous vol-
ume of in each accumulator. For more details on the model,
see [16].

3.3.3 EHA A static model is also used to model the
electro-hydraulic actuator PTO. The electric generator and vari-
able displacement hydraulic pump/motor are sized for the drive
cycle as determined by the PI controller. The electric generator is
assumed to operate at constant speed of 3000 RPM. The motor’s
displacement at each time instant is determined to achieve the
desired force and velocity of drive cycle. Energy losses are then
computed based upon the component efficiency characteristics.

4 Results
4.1 Hybrid Hydraulic-Electric Architecture PTO

The pressure rail force selection (by selecting pair of CPRs)
is shown in Fig. 7. The optimal spacing of the four pressure rails
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FIGURE 7: Rail force options are shown along with the desired
force trajectory. The red circles denote which pressure force was
selected at each time. The difference between the pressure force
selected and the desired rail force is made up by the HECM mo-
tor. Top: three pressure rail architecture. Bottom: four pressure
rails architecture.

FIGURE 8: Cumulative flow in each pressure rail. Positive flow
is flow out of the accumulator, towards the actuator.

is not uniform. Thus, since the actuator areas are equal, there are
13 distinct rail forces. Note that the algorithm picks the rail force
either above or below the drive cycle force. This ensures that
pressure rails supply most of the energy required to achieve the
drive cycle with the HECM making up the difference to achieve
the desired trajectory.

When a pressure rail is selected, there may be flow into or
out of that rail’s accumulator depending on the velocity of the
WEC. The flows in each rail are shown in Fig. 8. If the accumu-
lators are large enough, then the main pump need only tap flow
from the 35 MPa rail.

The power buffering quality of the HHEA PTOs can be seen
in Fig. 9. The main motor is able to operate at a constant power.
The HECM however, must adjust its power output as the drive

cycle changes. The angular speed of the HECM unit is dictated
by the velocity trajectory of the WEC, while the torque of the
HECM is dictated by the desired force trajectory and the choice
of rail force.

FIGURE 9: Results for the HHEA PTO. Power into the system
(PTO force times velocity) is shown. The velocity shown is the
velocity of the hydraulic piston over time. Electricity is produced
at both the main pump and the HECM.

FIGURE 10: Breakdown of losses in the HHEA PTO.

Fig. 10 compares the sources of losses in the HHEA PTO.
Main pump and HECM losses are due to inefficiencies in their
hydraulic pump/motor and electric motor/generators. Switching
losses result from the dynamics involved in switching between
the CPRs.
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FIGURE 11: Power in and out of the check valve PTO over time.
The velocity shown is the velocity of the hydraulic piston over
time.

4.2 Check Valve PTO
Power absorption over time is shown for the check valve

PTO in Fig. 11. Notably, the power out does not fluctuate very
much as the power in does. The power out remains around the
mean of the power in. This quality is called power buffering, and
allows for electrical components to be sized closer to the mean
than the peak of the power in. The total efficiency was found
to be 86%, the highest of all PTOs compared here. The check
valve PTO absorbs significantly less power than the other PTOs
due to its inability to realize the optimal force trajectory. This
reduced power absorption is the main weakness of this PTO and
can be seen clearly in Fig. 14. While the check valve PTO has
many strengths (power buffering, small electrical components,
high efficiency) it is not a competitive PTO because the force
it enacts on the WEC cannot be controlled and thus its power
absorption is dwarfed by other PTO designs. It is a cheap and
efficient PTO but it has a high LCOE because it produces such
little energy.

4.3 Electro-Hydrostatic Actuator PTO

FIGURE 12: Fractional displacement of the bidirectional variable
displacement motor for the EHA PTO.

FIGURE 13: Power in and out of the EHA PTO over time. The
velocity shown is the velocity of the hydraulic piston over time.

The EHA PTO is perhaps the most straight forward way to
arbitrarily control a WEC using a hydraulic PTO. The displace-
ment of the pump/motor is varied to achieve the drive cycle. The
required fractional displacement required to achieve this particu-
lar drive cycle is shown in Fig. 12. The power generated by the
EHA PTO is in phase with the power absorbed by the WEC (Fig.
13). The difference between the power in and power out are due
to inefficiencies in the pump motor and the generator. The no-
table take-aways from the EHA results are that the EHA PTO is
able to absorb large amounts of energy (because the force can be
controlled) but the power is not smoothed in any way. This is a
problem if the power is bidirectional, as it is here. It also means
that the electrical components need to be sized for the peak power
and will therefore be expensive.

4.4 Comparison between the 3 PTOs
The cumulative power captured from each PTO are shown

in Fig. 14 and 15. Fig. 15 shows the average electrical power
production from each PTO during the final 100 seconds of the
simulation (well after the start up-phase, the behavior in this time
period is assumed to continue indefinitely). The HHEA produces
the most power/energy, followed by the check valve PTO and the
EHA PTO which produce similar amounts. This is somewhat
surprising because the EHA is able to realize the optimal con-
troller, and thus has more than double the energy input than the
check valve PTO.

Fig. 16 shows that the check valve PTO is the most efficient,
followed by the HHEA PTO, and the EHA PTO is the least ef-
ficient which explains why the EHA PTO does not produce as
much energy as expected.

To understand this, the operating points of the EHA
pump/motor for this drive cycle are overlaid over its efficiency
contours in Fig. 17. The pump/motor operates in all 4 quad-
rants so that power goes in both directions from hydraulics to
electric and vice versa. There are also many instances where the
pump/motor is operated at low efficiencies. Define the mean in-
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FIGURE 14: The amount of energy absorbed (work in) is shown
along with the amount of energy converted into electricity by
each PTO (work out).

FIGURE 15: Average electrical power output over the last 100
seconds. This time period was chosen so that no transient effects
from ramp up are included.

stantaneous efficiency as:

η̄ :=
Whydraulic,out +Welectric,out

Welectric,in +Whydraulic,in
(6)

where Whydraulic,in and Welectric,in are respectively the total work
inputs when the hydraulic power or the electric power are act-
ing positively on the EHA; and similarly, Whydraulic,out and
Welectric,out are respectively the total work outputs when the EHA
is acting positively on the WEC or on the electric generator. All
W∗ are defined to be positive. The mean instantaneous efficiency

FIGURE 16: Comparison of the net efficiency of each PTO. Effi-
ciency is defined as the final amount of power absorbed over the
final amount of energy converted into electricity.

of the EHA PTO is 67%.
With such a high mean instantaneous efficiency, why is the

net efficiency of the EHA PTO only 33%? The reason lies in the
bidirectional nature of the incoming power (see Fig. 13). For
every 7 positive units of work (Whydraulic,in), there are roughly
2 units of negative work (Whydraulic,out), leaving a net work of
7−2 = 5 units. The EHA PTO gets taxed twice so to speak. As-
sume that the instantaneous efficiency is constant at 67%. While
capturing the 7 units of positive input, the system outputs 4.7
units of electrical work. When the system needs to produce the 2
units of negative work, 3.0 units of electrical energy is consumed.
Thus the system has converted a net 4.7−3.0 = 1.7 units of elec-
trical work. The system’s net efficiency is 1.7/5 = 34%, which
is very similar to the observed net EHA PTO efficiency of 33%.

The EHA is hindered by the bidirectionally of the incom-
ing power, and by low efficiency operating points. The HHEA,
on the other hand, is largely able to skirt these problems. One
main advantage of the HHEA PTO is that most of the power is
obtained from the main pump/motor, not the HECM (see Fig.
9). The accumulators allow energy to be stored in the form of
pressurized fluid. The main pump/motor can then empty or fill
these accumulators steadily. The main pump/motor is able to
operate at constant torque and speed, thus generating a constant
power at high efficiency. The HECM does have to vary its oper-
ating points and provide both positive and negative flow. It has
roughly 7 units of positive power to every 3 units of negative
power. The main pump, on the other hand, only provides posi-
tive power as the accumulator is able to store and recycle energy.
Taken together, the HECM and main pump collect about 8 units
of positive power for every 1 unit of negative power. Indeed the
net efficiency of the HECM is also low and as shown in Fig. 10,
the HECM does account for the majority of the losses. Still, since
it is responsible for a smaller fraction of the power than the main
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pump, the overall effect of the power cycling within the HECM
is reduced.

FIGURE 17: The efficiency map of the pump/motor in the EHA
PTO. The red x’s show operating points used in this drive cycle.

FIGURE 18: The required size of all generators. The maximum
power supplied to or received from the generator determines its
required size.

Required component sizes are compared in Figs. 18 and
19. The check valve PTO requires the smallest generator be-
cause its output power is small. The HHEA PTO requires two
generators, but the total power is still smaller than that required
by the EHA PTO. One the other hand, the HHEA PTO re-
quires one large hydraulic pump/motor and one small hydraulic
pump/motor. The large pump/motor required by the HHEA is the
HECM pump/motor. It is sized by the maximum drive cycle ve-
locity and the actuator area. Thus it would have the same size as

FIGURE 19: The required size of all pumps and motors. The
maximum flow rate through the pump or motor determines its
required size.

the EHA pump/motor but has a lower pressure requirement. The
main pump/motor of the HHEA is required to deal with non-zero
net flow in the pressure rails (see Fig. 8). On whole, the HHEA
PTO shows good performance on energy production, controlla-
bility and requirement for small electrical components.

5 Conclusions
A novel hybrid hydraulic electric architecture (HHEA)

power take-off (PTO) design was proposed with the potential
to reduce the levelized cost of energy (LCOE). This is possible
because the common pressure rails absorb most of the energy,
while the hydraulic electric control module (HECM) is respon-
sible only for the small amount of remaining energy needed to
realize the optimal control strategy. Thus, the HHEA PTO can
produce a competitive amount of energy while lowering the re-
quired size of expensive electric generators.

The HHEA PTO was compared to two other PTO designs.
We set out to compare these PTOs on three attributes: i) the
PTO’s ability to control the motion of the WEC; ii) the PTO’s
ability to convert absorbed energy into electricity efficiently; and
iii) the cost of the PTO. The end goal of these specifications
was to lower the levelized cost of energy. The HHEA and EHA
PTOs succeed in controlling the motion of the WEC, while the
check valve PTO fails. Both the check valve and HHEA PTOs
were able to convert absorbed energy into electricity with high
efficiency. Lastly, the HHEA and check valve PTOs require
smaller electric generators (hence, likely cost) than EHA PTO.
The HHEA PTO was able to output roughly double the electrical
power than the EHA and check valve PTOs. The HHEA does re-
quire about 4 times larger generators than the check valve PTO,
but its generators are about half the size required by the EHA.

Future work includes analyzing irregular wave spectra. The
HHEA design and modeling could also be improved. One or
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more transformers could be added to produce the middle pres-
sure rails. The rail selection algorithm could be augmented to
include switching losses, and an algorithm for how and when the
main pump should provide flow to each rail could be developed.
Additionally, a different scheme for refilling and removing flow
from the CPRs may be able to reduce the main hydraulic and
electric component sizing.
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