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Abstract This paper presents, assesses, and optimizes a

point absorber wave energy converter (WEC) through

numerical modeling, simulation, and analysis in both fre-

quency and time domain. Wave energy conversion is a

technology especially suited for assisting in power gener-

ation in the offshore oil and gas platforms. A linear fre-

quency domain model is created to predict the behavior of

the heaving point absorber WEC system. The hydrody-

namic parameters are obtained with AQWA, a software

package based on boundary element methods. A linear

external damping coefficient is applied to enable power

absorption, and an external spring force is introduced to

tune the point absorber to the incoming wave conditions.

The external damping coefficient and external spring forces

are the control parameters, which need to be optimized to

maximize the power absorption. Two buoy shapes are

tested and a variety of diameters and drafts are compared.

Optimal shape, draft, and diameter of the model are then

determined to maximize its power absorption capacity.

Based on the results generated from the frequency domain

analysis, a time domain analysis was also conducted to

derive the responses of the WEC in the hydrodynamic time

response domain. The time domain analysis results allowed

us to estimate the power output of this WEC system.

Keywords Wave energy technology � Energy

conversion � Numerical modeling and simulation �
Frequency and time domain

Introduction

As concerns about rising fossil fuel prices, energy secu-

rity, climate change, and environmental pollution, renew-

able energy can play a key role in producing local, clean,

and inexhaustible energy to supply global growing

demand for electricity. Among common renewable energy

sources, the waves generated in gulfs and oceans reflect a

huge body of untapped renewable energy source, which

owns a large amount of energy potential that can be

transformed into electricity. Nowadays, the wave energy

has led to promising technologies and commercial

deployment [1].

Based on the authors’ previous study and following a

complete approach of system design, modeling and simu-

lation, parametric study, and optimization, it was found

that among different types of wave energy conversion

devices, a point absorbing wave energy converter (WEC)

with a direct drive power take-off (PTO) system is most

efficient and beneficial in converting the low-speed oscil-

lating motion of ocean waves [2]. The point absorbing

WEC reflects a simple but robust technology, which con-

sists of buoys or floating bodies to capture the wave’s

heaving motion. In a point absorbing system, buoys move

through a single degree of motion with the ocean waves,

driving swing arms that turn a rotary generator. This can

then deliver needed power to the platform while releasing

zero emissions to the atmosphere. Ocean waves apply large

forces at slow speeds, and direct drive point absorbing

systems are well suited to capture energy in these condi-

tions. Comparing to other types of WECs (attenuators,

terminators, etc.), the point absorber is relatively small in

size and often used in arrays, where multiple devices are

attached in series or parallel to capture energy in a large

amount. It can be used in offshore for various depths of
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water. This aspect makes such system ideal to configure in

relatively close proximity to where the power is needed.

Due to the immense potential and prospect of wave

energy technology, a number of wave conversion devices

have been designed and analyzed by researchers. McCor-

mick and coworkers presented a pneumatic WEC system

[3] and a self-propelled backward-bent duct wave energy

system [4]. Tests of the pneumatic WEC system had been

conducted with the mount at two depths to vary the natural

oscillating frequency of the water column. The maximum

electrical power output of the system was approximately

90 W in the monochromatic waves. In the self-propelled

backward-bent duct system, a WEC subsystem was needed

to provide parasitic energy to self-propel the presented

system. Weinstein et al. [5] outlined a project of develop-

ing the Makah Bay pilot offshore power plant, which used

AquaEnergy’s point absorber wave energy conversion

device—AquaBuOY. The device represented the next

generation of the technology that combines the Swedish

Hose-Pump and the IPS Buoy technologies to generate

clean energy from ocean waves. Numerical modeling and

optimization were performed on this device. Henderson [6]

described the hydraulic power take-off system employed in

the Pelamis WEC. The process of the system’s develop-

ment was presented, including simulation and laboratory

tests at 1/7th and full scale. Results of efficiency mea-

surements were also presented. Falcao [7] presented a

general method of modeling oscillating-body WECs with

hydraulic power take-off and gas accumulator. Special

attention was paid on power take-off performance and

design, and on the control of the system. Margheritini et al.

[8] described concept of the sea slot-cone generator (SSG)

WEC and the studies behind the process that leaded to the

construction of such wave energy conversion system. The

pilot plant was an on-shore full-scale module in three levels

with an expected power production of 320 MWh/year in

the North Sea. Ruellan et al. [9] presented design meth-

odology for a SEAREV WEC and described the operating

principle associated with such WEC. In their design, two

conversion technologies intended to transform wave energy

into electricity were discussed. A unique design method-

ology for the all-electric conversion chain was therefore

developed around several distinct control modes, including

one featuring power leveling. Elwood et al. [10] presented

an overview of the SeaBeavl project which began in the fall

of 2006 and culminated in the ocean testing of a 10 kW

direct drive wave energy conversion system in the fall of

2007. A system design approach was used to develop the

taut-moored dual-body wave energy converter concept

with the detailed design focused on production and ease of

maintenance. Sheng and Lewis [11] conducted a pure

numerical simulation in time domain for assessing the

power capture capacities of wave energy devices. In the

proposed method, a measured or calculated linear power

capture response of the device was combined with wave

spectrum to compute the average captured power function.

Recently, three individual wave power generation tech-

nologies (Wave Dragon, AquaBuOY, and Pelamis) were

studied and evaluated using multicriteria decision analysis

through the use of the PROMETHEE method. Experi-

mental tests were performed to collect data from the three

technologies and the results showed that the data yielded

from AquaBuOY technology satisfactorily meet all the

design criteria [12].

To effectively use the waves near an offshore platform,

a design concept is needed to be easily adaptable to the

platform. Miller and Miles examined the feasibility of a

practical wave energy converter using an oscillating water

column and a counter-rotating turbine on a fixed offshore

platform [13]. However, from our preliminary study, it was

concluded that a point absorber is the best design suited for

those offshore platforms because it is light and simple and

can be easily attached to an existing offshore platform to

provide at least 20 % of electricity required for running

that platform [2]. Thus, in this study, a point absorber

designed by the authors is presented and used for modeling,

analysis, and optimization. An overview of the design

optimization process used in this study can be seen in the

flowchart shown in Fig. 1. The point absorber concept is a

form of WEC that can be compared to that of a mechanical

oscillator, composed of a mass-spring-damper system with

Fig. 1 Flowchart of the design optimization process
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one degree of freedom, subjected to an external force in the

direction of the degree of freedom. A similar schematic

representation is shown in Fig. 2. The displayed point

absorber system consists of a buoy that is restricted to

heave mode only. The designed point absorber WEC can

be directly installed at a fixed structure (e.g., offshore oil

and gas platforms) and motion of the buoy with respect to

the fixed structure is linearly damped to maximize its

power absorption capacity. In this study, frequency and

time domain analyses are performed to fully determine the

power output of this WEC system. Figure 3 plots a

flowchart illustrating how to combine the two types of

analysis to estimate the output power.

Frequency domain modeling and analysis

Numerical model

Using linear theory, the equation of motion of a floating

body, oscillating in heave mode is written as:

m
d2z

dt2
¼ Fex þ Frad þ Fres þ Fdamp þ Ftun ð1Þ

The PTO forces associated with this system are the

damping force Fdamp, which is caused by the force of the

generator on the floating body, and the tuning force Ftun

caused by the spring forces used to tune the system. These

forces are assumed to be linear and the floating body is

allowed to respond to the harmonic excitation forces (Fex,

Frad, and Fres) caused by the wave. This gives our equation

an analytical solution. The excitation force as well as the

radiation force is the primary force that defines impulse

response functions (IRFs). The two forces are defined by:

Fex tð Þ ¼
Z1

�1

g sð Þfex t � sð Þds ð2Þ

Frad tð Þ ¼
Z t

�1

frad t � sð Þ _x sð Þds ð3Þ

where Fex(t) is found by the convolution of the water

surface elevation, g(t) with the non-casual IRF, fex(t).

Second, Frad(t) is caused by radiating waves and is

Fig. 2 Schematic representation of a heaving point absorber with

applied spring control force

Fig. 3 Flowchart of a WEC

dynamic model
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determined by the convolution of the radiation IRF, frad(t),

with the WEC’s velocity.

Next, the frequency domain excitation force fex(ix), is

used to calculate the time domain excitation IRF, fex(t), the

frequency domain radiation frad(x) is used to calculate the

time domain radiation IRF, frad(t), and the limit at infinity

of the frequency domain added mass is evaluated, Fres(?).

These hydrodynamic terms, fex(t), frad(t), and Fres(?), are

the building blocks of the time domain WEC equations of

motion (EOM). These time domain EOM use the IRF

formulation and were first introduced by Cummins for ship

motions in 1962 [14].

fex tð Þ ¼ 1

2p

Z1

�1

fex ixð Þeixtdx ð4Þ

frad tð Þ ¼ 2

p

Z1

0

frad xð Þ cos xtð Þdx ð5Þ

In the frequency domain, the equation of motion of the

point absorber, subjected to a harmonic excitation with

angular frequency x, can be formulated as:

Fex x; tð Þ ¼ m þ maðxÞ þ msup

� � d2zðtÞ
dt2

þ bext þ bhydðxÞ
� � dzðtÞ

dt
þ kzðtÞ ð6Þ

where z(t) is the complex amplitude of the buoy position

and Fex is the complex amplitude of the heave exciting

force. The mass of the buoy is denoted by m, the added

mass by ma, the hydrodynamic damping coefficient by bhyd

and the hydrostatic restoring coefficient by k. The force

associated with the external damping coefficient bext has to

be exerted by the PTO and is called the damping force. A

spring force term is added to the equation to realize a

tuning force proportional with the buoy. This tuning force

can also be realized by means of a supplementary mass

term msup. The hydrodynamic parameters ma, bhyd and Fex

are dependent on both the buoy shape and wave frequency

and are calculated with the boundary element method

(BEM) software package AQWA [15].

Hydrodynamic parameters

Shape In this study, two buoy shapes are considered: a

conical shape with an apex angle of 120� and a hemisphere,

both are extended by a cylindrical part (Fig. 4). In the

framework of the current project, some additional shapes

have been evaluated, among them a tulip-like shape and a

number of cylindrical shapes with a small draft.

Draft and diameter Simulations are run for eight dif-

ferent waterline diameters (D) ranging between 1.5 and

6.5 m. For each buoy diameter, three different drafts are

evaluated corresponding to a submerged cylindrical part of

2, 2.5, and 3 m. Figure 5 gives an overview of the con-

sidered buoy with a description of the diameter and draft.

Wave climate Eight reference sea states are used in this

study for evaluating the power output capacity of the WEC

system (Table 1). In Table 1, Hs is the significant wave

height and Tp the peak wave period. As shown in Table 1,

the first sea state covers Hs values from 0.00 to 0.50 m, the

second sea state covers the range between 0.50 and 1.00 m,

and so on. The combination of Hs and Tp is representative

for the North Sea area. The considered reference water

depth is 50 m. The data tabulated in Table 1 come from

[8]. Please be advised that the wave data of the North Sea

Fig. 4 The two buoy shapes considered in this study: hemispherical

and conical shape Fig. 5 Buoy draft and diameter descriptions

Table 1 Sea state values used

for calculation
Sea state Hs (m) Tp (s)

1 0.25 6.70

2 0.75 6.70

3 1.25 6.70

4 1.75 7.40

5 2.25 8.11

6 2.75 8.81

7 3.25 8.81

8 3.75 9.52
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are used here because that the data in the Gulf of Mexico

are not available and it is believed that the sea states listed

in Table 1 include a range of Hs and Tp, which can also be

detected from the Gulf of Mexico.

Figures 6, 7, 8 and 9 show the hydrodynamic parameters

of a cone–cylinder and a hemispherical-shaped buoy with

waterline diameter D = 3.5 m and a draft of 2.0 m versus

the frequency bandwidth relevant to cover the spectra of

Fig. 6 Added mass of the

conical and hemispherical buoy

with a diameter of 3.5 m and a

draft of 2 m

Fig. 7 Radiation damping of

the conical and hemispherical

buoy with a diameter of 3.5 m

and a draft of 2 m

Fig. 8 Heave excitation force

of the conical and hemispherical

buoy with a diameter of 3.5 m

and a draft of 2 m
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the above defined sea states. When comparing the added

masses with different drafts, it was noted that a smaller

draft is associated with a larger added mass in the fre-

quency range. This was also observed for the hydrody-

namic damping coefficient and the amplitude of the heave

exciting force, as presented in Figs. 8 and 9, respectively.

This feeds the supposition that a conical-shaped buoy may

result in a larger power absorption, which will be further

verified in next section. For the zero frequency limit of the

heave exciting force, a value of approximately 11 kN/m is

obtained with ANSYS. This corresponds to the value of the

hydrostatic force per unit displacement: qgAw, with Aw the

waterline area (=pr2).

Power absorption

The response in irregular long-crested waves is obtained by

superimposing the responses in regular waves. The wave

amplitude of those regular wave components (fA) is

derived from the Jonswap wave spectrum (SfA) provided in

ANSYS:

fA ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SfA xð ÞDx

q
ð7Þ

The spectrum has been covered by 20 equidistant fre-

quencies, ranging between 0.2626 and 2.5849 rad/s with

Dx = 0.09 rad/s. For comparison, Vantorre et al. [16]

applied the superposition principle with 20 frequencies and

Ricci et al. [17] with 75 frequencies. It has been observed

that with boundary conditions properly applied, simula-

tions based on 20 frequency components are reliable. The

buoy resonates and its response is overestimated for sup-

plementary mass values corresponding to a natural period

that is equal to a discrete frequency component close to the

peak frequency in the spectrum. Hence, the power

absorption peaks are observed at natural frequencies of the

system, which do not occur if the spectrum is composed of

a larger number of frequencies with smaller Dx. In the

latter case, the power absorption varies smoothly for

varying supplementary mass.

The spectrum of the amplitude of the floater position is

defined as:

SzAi xð Þ ¼ SfAi xð Þ z2
Ai

f2
Ai

ð8Þ

Assuming Rayleigh distribution of the floater motion

amplitudes, some characteristic values can be obtained

such as the significant amplitude of the buoy motion:

zA;sig ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ1

0

SzAidx

vuuut ð9Þ

In regular waves, the available power over the diameter

D of the point absorber is expressed by [18]:

Pavail;D ¼ D

Z1

0

qgCg xð ÞSf xð Þdx ð10Þ

where Cg is the group celerity and q is the water density.

The absorbed power in a regular wave is given by Eq. 11:

Pabs;reg ¼ 1

2
bextx

2z2
A ð11Þ

where bext is the linear external damping coefficient orig-

inating from the PTO system and enabling power extrac-

tion. By applying linear superposition of the buoy

responses, expression for the power absorption in irregular

waves can be obtained as:

Pabs ¼
Z1

0

bextx
2 zA

fA

� �2

Sf xð Þdx ð12Þ

The absorption efficiency, g, is defined as the ratio of the

absorbed power to the incident wave power within the

device width:

Fig. 9 Phase angle of the

conical and hemispherical buoy

with a diameter of 3.5 m and a

draft of 2 m
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g ¼ Pabs

Pavail;D
ð13Þ

The absorbed power, and hence the efficiency, are

influenced by the external damping coefficient bext, and the

buoy velocity, which is dependent on both bext and msusp.

These two parameters have to be optimized to maximize

the power absorption, taking into account several con-

straints. The optimization is carried by testing different

values for bext and msusp with a starting wave height of

0.25 m and a starting peak wave period of 6.70 s until a

reasonably close value to 100 % in power efficiency was

achieved (Fig. 13). These values of bext and msusp then

remained constant during the course of the analysis while

testing the efficiency throughout the remaining Hs and Tp

values from Table 1.

Optimal buoy shape and draft

To determine an optimized design, the effects of shape and

draft of the WEC on its power absorption capability were

inspected using AQWA based on Eqs. 11 and 12. Figure 10

shows the comparison of the power absorbed by a conical-

shaped and a hemispherical-shaped buoy at different sea

states listed in Table 1. Those buoys have the same

diameter of 3.5 m and the same draft of 2 m from the water

line. As shown in Fig. 10, there was no significant differ-

ence in power absorption capacity between the two shapes.

However, the performance provided by the conical-shaped

buoy was slightly better than the hemispherical-shaped

buoy. Thus, the conical-shaped buoy was selected for this

study and would be used for further analysis.

While maintaining the same diameter of 3.5 m, different

results were obtained and compared for different drafts of

2, 2.5, and 3 m. The minimum draft of 2 m was selected to

maintain stability and robustness in the buoy under the

forces acting on it from the waves as well as from the PTO

system. Multiple results including power absorption (Pabs)

and absorption efficiency (g) were compared as functions

of the significant wave height (Hs) and its associated peak

wave period (Tp). The Hs and Tp values used for this

analysis coincide with the values used when assessing

wave climate analysis, as defined in Table 1. The results

are displayed in Fig. 11, and were proven to be similar to

the results observed when assessing the effects of the buoy

shape. As shown in Fig. 11, for the lower sea states, the

results were roughly the same but as the sea states

increased the smaller draft seemed to perform slightly

better than the larger drafts. Thus, the draft of 2 m was

selected for this design and would be used for further

analysis in this study. It needs to be mentioned that when

converting the absorbed wave power to electrical power,

extra losses need to be taken into account due to

mechanical friction, viscous losses, and turbine or gener-

ator losses in the conversion system.

Optimized buoy diameter

The impact of the buoy diameter was also inspected in this

study following the same approach. As mentioned in pre-

vious sections, conical buoys with draft of 2 m and dif-

ferent diameters ranging from 1.5 to 6.5 m with equal

increment of 1 m were analyzed using AQWA. Here, the

maximum diameter was set as 6.5 m because a too large

buoy will be very costly in manufacturing and even may

not be suited for being used on platforms due to its size.

The same sea states listed in Table 1 were assumed. After

simulation, the power absorption and efficiency of those

conical buoys were calculated and plotted in Figs. 12 and

13 as a function of the significant wave height (Hs). From

Fig. 12, it can be seen that the diameter has a significant

effect on the absorbed power. As the diameter increases,

the power absorbed by the buoy also increases. However, a

Fig. 10 Buoy shape analysis of

conical and hemispherical buoy
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large diameter will consequently increase the overall size

of the buoy and a buoy that is too large may dramatically

increase the manufacturing cost. Another factor is the day

to day operations that an offshore platform is involved in.

This can equate to the constant boat traffic around the

platform’s base that allows for operations such as personnel

transfer as well as crane operations for the delivery of

cargo and supplies. Any additions to the platform cannot

interfere with these operations limiting the placement of

the technology. The only likely scenario would be to add

the technology directly underneath the platform. This also

can become restrictive as space is needed for riser appli-

cations and other platform fundamentals that contribute to

the platforms vital functions. Another factor that must be

considered is the federal safety law that governs platform

operations [23]. These put in place certain restrictions on

equipment to ensure safe operations to personnel and

environment. Taking into consideration all these factors,

the largest diameter that subjected to the economical and

operational constraints and can still be effectively used on

the offshore platform should be selected for building the

buoy. Figure 14 shows us a typical fixed leg offshore

platform and the area most suited for WEC deployment.

Based on manufacturing estimates, ease of maintainability,

and a best fit for the space shown in Fig. 14, a buoy

diameter of 3.5 m was selected as the largest usable and

most optimal size. With this diameter, multiple buoys can

be utilized which added together can make up for decrease

in diameter.

In calculating the efficiency as explained in last para-

graph of ‘‘Power absorption’’, the tuning of the external

damping force (bext) and the supplemental mass (msup) for

each diameter have to be set at an optimal value that can

lead to highest efficiency at the sea state 1 (C95 %). This

value for bext and msusp then remains constant during the

following subsequent sea states as described in Table 1. By

doing this, we will be able to observe the systems’ reaction

in changing sea climates. As shown in Fig. 13, it can be

found that the efficiency for each diameter remained almost

the same. It is also observed that the efficiency calculated

Fig. 11 Power absorption of

the conical buoy with drafts of

2, 2.5, and 3 m

Fig. 12 Power absorption of

the conical buoy with a draft of

2 m and diameters ranging from

1.5 to 6.5 m
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from sea state 1 to 3 (when Hs varies from 0.25 to 1.25 m)

is the same and the efficiency obtained from the sea state 6

equal to that calculated from the sea state 7 (Hs equals to

2.75 and 3.25 m, respectively). From Table 1, it is found

that the peak period (Tp) keeps the same for the sea state

1–3 and the state 6 and 7. Thus, it can be deduced that the

efficiency is correlated with the peak period, external

damping force, and the supplemental mass. Therefore,

when selecting and designing a PTO system, the external

damping force that exerts on the system must be optimized

to maximize the power absorption efficiency and should

also adjust itself for the changing peak wave period.

Phenomena reflected from Figs. 10, 11, 12, 13 and 14

were also observed by Backer et al. [19]. The accuracy of

the presented frequency domain numerical modeling and

analysis was therefore verified. An optimized conical-

shaped buoy with dimensions is displayed in Fig. 15.

Time domain modeling and analysis

Compared to the frequency domain analysis, time domain

analysis allows researchers to view the reactions of a

WEC system in a time period. The response amplitude

operator (RAO) of the buoy position is defined as the ratio

between the displacement amplitude of the uncontrolled

buoy, responding to a harmonic excitation, and the inci-

dent wave amplitude [20]. It has been computed with the

time domain model from the steady state response of the

buoy to a regular incident wave. A window of 20 s was

Fig. 13 Efficiency of the

conical buoy with a draft of 2 m

and diameters ranging from 1.5

to 6.5 m

Fig. 14 Water-line profile of a

fixed leg offshore platform
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used to visualize the reactions of the buoy. 120 time steps

were involved in the calculation and the time domain

analysis results consisted of the total force and actual

position of the buoy over the period of 20 s. For example,

Figs. 6, 7, 8 and 9 display the RAO results for a buoy

whose diameter is 3.5 m, which were calculated using

ANSYS AQWA.

The resulting buoy forces acting on the WEC system are

displayed in Fig. 16. The maximum force acting along the

positive heave direction is 6.9 kN and the maximum force

along the negative direction is 5.5 kN. Thus, an average

force of 4.1 kN is created on this system. The position of

the buoy with respect to time is shown in Fig. 17. The

maximum value for the buoy along the positive heave

direction is 0.83 m and the minimum value is about 0. That

figure also reveals that during the time period, the buoy

held an average speed of 0.75 m/s (that average speed was

calculated as the total distance the buoy traveled/20-s time

period).

PTO system and power output

PTO system

To fully implement and apply the developed WEC system,

a PTO system with high efficiency, high reliability, low

maintenance cost, and reduced Cost-of-Energy (CoE)

needs to be designed. Considering the offshore conditions

and climate, a point absorbing WEC with a direct drive

PTO system is the most efficient and beneficial in con-

verting the low-speed oscillating motion of Gulf of Mexico

(GoM) waves [2].

In this paper, a hydraulic and direct drive PTO system is

presented. This system consists of a buoy attached to a rod

and hydraulic cylinder, which acts as a single or double

acting reciprocating piston pump. The rod of the hydraulic

cylinder is forced up and down by a floating buoy, which

moves fluid through check valves, rectifying the flow to a

hydro-turbine or a hydraulic motor. After evaluating eco-

nomic issues and performance, a horizontal axis hydroki-

netic turbine device which is engaged by the heaving point

absorber is considered a better fit [2].

In a study performed by the National Renewable Energy

Laboratory (NREL), a design that had reasonable and val-

idated power extraction performance was demonstrated.

The PTO system comprised of commercially available off-

the-shelf components and a design that can be manufactured

and maintained with standard protocols [21]. The presented

PTO system in that study was a 0.55 MW, horizontal axis

hydrokinetic turbine device utilized in the NREL study and

is applied for our heaving point absorber (Fig. 18).

Power output

The rated capacity for a turbine defines its operating

parameters and the amount of power it can produce. The

operating parameters of the horizontal axis hydrokinetic

Fig. 15 CAD drawing of a conical buoy with an example diameter

3.5 m and draft 2 m

Fig. 16 Resulting force of a

heaving buoy over a 20-s

window
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turbine used in the PTO design are listed in Table 2 [22].

As calculated from the time domain analysis, the average

speed of the buoy is 0.75 m/s and the average force is

about 4.1 kN at the given sea state. Assuming a linear

power curve for the generator at the given sea state, the

system will produce an average of 150 kW from a single

buoy. This value was found by taking the percentage of the

average buoy velocity (0.75 m/s) with respect to the WEC

velocity max as listed in Table 2. This percentage was then

applied to the maximum power capacity found in Table 1

and formulated as:

PWRwec ¼
Velavg

Velmax

PWRmaxð Þ

¼ 0:75 m=s

2:70 m/s
550 kWð Þ

¼ 150 kW ð14Þ

Conclusions

By means of analyzing a designed WEC in the frequency

domain, the behavior of a heaving point absorber was

Fig. 17 Position of a heaving

buoy in the heave direction over

a 20-s window

Fig. 18 A heaving point

absorber WEC with a direct

drive PTO system

Table 2 Operating parameters

of the horizontal axis

hydrokinetic turbine

Operational parameters

Max power 550 kW

Max WEC velocity 2.7 m/s

Shaft speed 11.5 rpm
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assessed and the effects of different design parameters

(shape, diameter, draft, etc.) on that behavior were evalu-

ated. The hydrodynamic parameters of the oscillating

buoys were derived with ANSYS AQWA (as plotted in

Figs. 6, 7, 8 and 9). Through the numerical analysis, sev-

eral conclusions were drawn for design optimization of the

point absorber WEC. Assuming a linear power curve for

the generator, the PTO system will produce an average

power of 150 kW from a single buoy at the given sea state.

The total power output will be significantly increased if

multiple buoys are used in an array.

1. The conical buoy slightly outperforms the hemispher-

ical buoy when comparing the hydrodynamic diffrac-

tion results produced by AQWA as shown in Figs. 6, 7,

8 and 9.

2. Power absorption efficiency is affected by the peak

wave period at a certain sea state. The supplemental

mass and external damping force have to be adjusted to

maintain the efficiency when the sea state increases.

3. The power absorption capacity is also affected by the

tuning forces and external damping forces that exert on

the system. To maximize the power absorption, these

forces have to be tuned for the average sea state in a

given geographical sea area.

4. The optimal diameter can be determined by selecting

the largest diameter possible for a particular device and

a particular offshore location, taking into account the

relevant restrictions such as the available space

underneath the platform and the constraints of mate-

rial, manufacturing, and maintenance costs.

5. For smaller sea states that typically occur in the Gulf of

Mexico, a conical buoy with draft of 2 m and a

diameter as large as possible would provide the best

power absorption capacity and efficiency. However, to

have a complete WEC system, the PTO system needs

to be selected to maximize the power absorbed and

converted.

6. A time domain model (Eqs. 4 and 5) was then created

based on the results of frequency domain analysis for

determining the displacement (position) and resulting

force of the heaving buoy. The results were applied to

a hydraulic, direct drive PTO system and the output

power was estimated at 150 kW from a single buoy.

7. If multiple buoys are used in an array, then a greater

power output could be reached. For example, with a

configuration of 8 buoys, a total output of 1.2 MW will

be available. That amount of power is enough to

operate a single offshore platform. Also, due to the

relative small size and simple, robust design of the

device, the presented PTO system provides a more

cost-effective way to harvest 1.2 MW power.

All the results obtained from the frequency and time

domain analysis highly agree with the numerical results

obtained from Backer et al. [19], the accuracy of the

developed frequency and time domain analysis method and

AQWA modeling, and simulation approach was therefore

validated.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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