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INTEGRATION OF WAVE ENERGY HARNESSING 
TECHNOLOGIES TO THE NEEDS OF COASTAL SOCIETIES IN 

NORTH CAROLINA 

ABSTRACT 
Wave Energy is a predictable and stable form of 
renewable energies. In this work, the wave energy 
potential along the North Carolina shore is 
calculated using six-year (2012-2017) National 
Buoy Database (NDBC). The wave data from two 
buoys (US 192 and US 430) were collected and 
the average significant wave height (HS) and 
corresponding time period (T) were determined. 
The Reference Model 3 (RM3) defined by 
Department of Energy (DOE) was used to explore 
the potential power generation from wave energy. 
Simulations were setup on WEC-Sim, an open- 
source code based on MATLAB developed by the 
DOE. A six-degree of freedom solver was used to 
obtain the results for heave and pitch forces for 
the float. Dynamic responses were calculated by 
solving equations of motion based on Cummins’ 
equation about the body center of gravity. Waves 
were modeled as irregular ocean waves using 
North Carolina shore wave data. The preliminary 
results obtained the heave and surge forces on  

RM3 and the body reaction forces. The results 
from this work can be used for determination of 
RM3 performance for NC shore. 

NOMENCLATURE 

English letters 
𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 Non-linear force 
𝐹𝐹𝑒𝑒𝐶𝐶 End-stop force 
𝐹𝐹𝑒𝑒𝑒𝑒 Wave excitation force 
𝐹𝐹𝐻𝐻 Hydrostatic force 
𝐹𝐹𝑀𝑀 Mooring force 
𝐹𝐹𝑣𝑣 Viscous Damping Force 
�̇�𝑋 Velocity vector of device 
�̈�𝑋 Acceleration vector of device 

Greek letters 
τ Discretization in time 
𝜇𝜇∝ Added mass matrix 
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INTRODUCTION 
More than half of the population of the US is 
currently living near coastlines [2]. Marine and 
hydrokinetic energy resources will be a suitable 
form of renewable energy resource for power 
production in these regions. Wave energy 
convertor (WEC) devices are gaining rapid 
popularity among the renewable energy sector. It 
is due to the advantages of predictability and 
stability of wave energy in general when 
compared to other forms of renewables. Wave 
energy is a vastly untapped source of energy for 
power generation. It is estimated that the 
theoretical and technical wave energy resource 
potentials are nearly 1594-2460 TWh/yr and 898-
1229 TWh/yr, respectively [3]. Hence, there have 
been increased efforts to promote development of 
innovative designs for wave energy convertors. 
For this purpose, the DOE in collaboration with 
Sandia National Laboratory (SNL) and National 
Renewable Energy Laboratory (NREL), 
developed an open-source code WEC-Sim based 
on MATLAB which allows users to validate 
different designs for WEC devices. In addition to 
this, they also came up with a Reference Model 
Project (RMP), which was aimed at setting 
benchmarks in terms of performance 
specifications for various sites which can be 
classified in Table 1 [1].  
Reference Model 3 (RM3) was used for the 
purposes of this paper. RM3 is a two-body point 
absorber with a float oscillating on a vertical spar, 
while the whole system is moored to the seabed 
to prevent roll and yaw movement [4]. The RM3 
is intended for installing in water depths of 40-
100 m [4]. Performance testing of RM3 has been 

done only to validate the WEC-Sim code and no 
data exists for its performance validation for 
North Carolina shore. 
Using WEC-Sim which employs a radiation and 
diffraction method to predict power performance 
and design optimization helps to reduce the 
preliminary cost of testing of innovative designs, 
the risk involved with prototype testing, and 
provide a framework for comparison of 
experimental results [5].  
Figure 1 illustrates the location of two buoys, 
US430 and US192, off the North Carolina shore 
from National Data Buoy Center (NDBC) for this 
study. A MATLAB code was developed to filter 
the data and estimate the average output power 
density and wave characteristics [6]. These data 
were used to simulate waves with the Joint North 
Sea Wave Project (JONSWAP) spectrum on RM3 
in WEC-Sim.  
The paper organization is as the following: The 
WEC-Sim processing steps are elaborated under 
the Methodology, the Results and Discussion 

Table 1. Types of reference models [1] . 
Reference model  Type 
1 (RM1) Tidal current turbine 
2 (RM2) River current turbine 
3 (RM3) Wave point absorber 
4 (RM4) Ocean current turbine 

5 (RM5) Oscillating surge wave 
energy convertor 

6 (RM6) Floating oscillating surge 
wave energy convertor 

 

 
Figure 1 – location of buoy [7] 

Table 2. RM3 geometry dimensions.  

Component 
Inner 
Diameter 
(m) 

Outer 
Diameter 
(m) 

Length 
(m) 

Float 6 20 5 
Spar - 6 38 
Reaction 
Plate 

- 30 0.1 
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Section provides the wave energy potential in the 
studied sites and describe the hydrodynamic 
forces applied to the RM3. Finally, the conclusion 
summarizes the major outcomes of this project. 

METHODOLOGY 
Figure 2 illustrates four major steps associated 
with running the WEC-Sim [5]: 

1. Pre-processing  
2. WEC-Sim Inputs 
3. Creating the Simulink Model 
4. Running WEC-Sim 

Step 1 - Pre-processing - The RM3 geometry 
was modeled on Rhinoceros 3D, a CAD 
modelling package, using the RM3 dimensions 
defined by DOE, listed in Table 2 [4]. The CAD 
model was converted to a geometric data file 
(GDF) format and imported to the BEM WAMIT 
code. The code determined the body 
hydrodynamic coefficients (‘.h5’ file in Fig. 2). 
The GDF file was obtained by subdividing each 
surface of the geometry into patches and panels, 
and then a B-spline approximation method was 
used for shape optimization. Local coordinates 
were used to define the position of each surface 
with respect to a global coordinate system. The 

WAMIT needs three input files: the ‘.gdf’ file, a 
potential control file (‘.pot’) and a force control 
file (‘.frc’). Specific body geometry details are 
input in the potential control file; the output is the 
specific force coefficients. The WAMIT input 
files were used to import various parameters 
which are essential for the calculation of the force 
coefficients [8]. To independently validate each 
panel coordinate, all three forms of volume 
integrals were evaluated as surface integrals over 
the mean body wetted surface Sb, using Gauss’ 
divergence theorem [9]: 
∀= −∬ 𝑛𝑛1𝑥𝑥𝑥𝑥𝑥𝑥𝑆𝑆𝑏𝑏

= −∬ 𝑛𝑛2𝑦𝑦𝑥𝑥𝑥𝑥𝑆𝑆𝑏𝑏
=

 −∬ 𝑛𝑛3𝑧𝑧𝑥𝑥𝑥𝑥𝑆𝑆𝑏𝑏
  

 

(1) 

where n1, n2 and n3 are outward facing unit normal 
vector fields in X, Y and Z directions, 
respectively [9]. 
Step 2 - WEC-Sim Inputs - The hydrodynamics 
force coefficients calculated in Step 1 include the 
hydrostatic coefficients, added-mass and 
damping coefficients, excitation forces, body 
motion in waves, hydrodynamic pressure, free 
surface elevation, velocity vector on the body and 
in the fluid motion, mean drift force and moment, 

 
Figure 2 – flowchart for various steps involved [5].  
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and zero and infinite wave periods [8]. The 
Froude-Krylov forces were calculated on 
instantaneous body surface, diffraction and 
radiation with linear boundary value problem [9]. 
These coefficients were used as inputs for the 
WEC-Sim platform using WAMIT boundary 
element method input output (BEMIO). The 
BEMIO was used to read the force coefficients 
obtained in Step 1, providing them with ‘.out’ file 
format. The Simscape toolbox, a MATLAB-
based framework, read the BEMIO output files 
and calculates the hydrodynamic forces acting on 
the body by solving the Cummins equation using 
a self-integrated 6-DOF solver. The Cummins 
equation can be written as [10]: 

(𝑀𝑀 + 𝜇𝜇∝)�̈�𝑋 =  
𝐹𝐹𝑒𝑒𝑒𝑒 + ∫ 𝐾𝐾(𝑡𝑡 − 𝜏𝜏)�̇�𝑋(𝜏𝜏)𝑥𝑥𝑡𝑡𝑡𝑡

0 + 𝐹𝐹𝐻𝐻 +
𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐹𝐹𝑉𝑉 + 𝐹𝐹𝑒𝑒𝐶𝐶 + 𝐹𝐹𝑀𝑀 + 𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  
 

(2) 

where �̇�𝑋 𝑎𝑎𝑛𝑛𝑥𝑥 �̈�𝑋 are the velocity and acceleration 
vectors of the RM3, M is the mass matrix,  𝐹𝐹𝑒𝑒𝑒𝑒 is 
the wave excitation force, 𝜇𝜇∝ is the added mass 
matrix, 𝐾𝐾(𝑡𝑡) is the memory function of radiation 
forces, 𝐹𝐹𝐻𝐻 is the hydrostatic force due to both 
buoyancy and gravity effects, 𝐹𝐹𝑉𝑉 is the viscous 
damping force which depends quadratically on 
the velocities, 𝐹𝐹𝑀𝑀 is the mooring force which is 
due to the constraining of motion of the body, 
𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is the non-linear force [10], and 𝐹𝐹𝑒𝑒𝐶𝐶 is 
end-stop force which includes the forces 
experienced by the power take-off (PTO) system 
as well as all moving and rigid connections to the 
PTO [11]. 
Physical input characteristics of the RM3 were 
given for the calculation mass, moment of inertia, 
and center of gravity of the body. Also, wave 
characteristics such as height of the wave (Hs) and 
wave time-period (T) were specified for the 
selected JONSWSAP spectrum.  
Step 3 - Creating the Simulink Model - A time-
domain multi-body dynamics model was created 
on Simulink using a pre-built WEC component 
library. These components, as shown in Fig. 3, 
included reference frame blocks, body blocks, 
constrain blocks, PTO blocks, mooring blocks, 
and PTO-Sim blocks. The constrain blocks, PTO 
blocks, mooring blocks, and PTO-Sim blocks are 

optional which could be used to individually 
calculate the PTO and mooring forces on the 
body.  
 
STEP 4 - Running WEC-Sim - The desired 
output plots including the heave and surge 
reaction forces for the applied wave 
characteristics were specified. The simulation 
was then run, and the Cummins equation was 
solved in time-domain using 4th order Runge-
Kutta integration scheme [4]. The plots were 
displayed and different forces acting on each of 
the components could be visualized. These 
reaction forces were then used to calculate the 
maximum power output of the system. This was 
done by making assumptions on the type of the 
PTO mechanism used by the RM3.  These 
systems can be broadly classified as direct drive 
PTO and hydraulic drive PTO. In a direct drive 
PTO, the wave force acting on the system is 
converted to electrical energy by means of 
electro-magnetic induction while in a hydraulic 
drive system there is an entry of water into the 
vertical spar. There is a hydraulic generator at the 
end of the spar and this converts the potential 
energy of the incident waves into electrical 
energy [13]. 

 
Figure 3 – The schematic of Step 3, creating a 

Simulink model 
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RESULTS 
The RM3 body geometry specifications and 
incident wave inputs were passed through the 
WAMIT BEM code. The hydrodynamic force 
coefficients were calculated. The force 
coefficients obtained from WAMIT is then used 
to run WEC-Sim and to obtain the pitch and surge 
forces on the body and related reaction forces. 
The JONSWAP spectrum of wave at different 
wave frequencies for stations 430 and 192 are 
shown in Fig. 4. The spectral analysis provides a 
framework to decompose individual harmonics 
and helps in understanding their behavior [10]. 
The RM3 body forces and responses with respect 
to time: position, velocity, and acceleration, are 
shown in Figs. 5 and 6, respectively. It can be seen 
from these plots that for a ramp time of 100 
seconds as chosen for the considerations of this 
simulation, the body response is gradually 
increasing. The fluctuations seen are due to the 
non-linear behavior of the waves.  
Various forces calculated from Eq. 2 are the total 
forces experienced by the body. Among those, the 
wave excitation forces, namely; buoyancy and 
non-linear Froude-Krylov forces account for the 
majority of the total force; they are calculated by 
locating the position of each body and integrating 
the hydrostatic and hydrodynamic pressure force 
for each time step over the wetted body surface 
[3].  The radiation damping and added mass force 
account for the inaccuracies in calculating the 
wave excitation forces. The body responses to 
these forces show an expected behavior of having 
peaks at time with the high total pitch forces. The 
response of the float to the incident waves in 
pivotal in calculation of performance of the 
system. These calculated forces will be used to 
estimate the maximum output power from the 
system. Note that the coefficients of the nonlinear 
forces can also be calculated using computational 
fluid dynamics (CFD) simulations. Estimating the 
system power generation considering those non-
linear effects then can be compared with the 
results from WEC-Sim and similar control 
algorithms in the follow on phases of this 
research.  

  
(a) 

 
(b) 

Figure 4– The spectrum vs frequency plots 
for (a) 430 and (b) 192 buoy stations. 

 
(a) 

 
(b) 

Figure 5– The pitch forces vs time plots for 
(a) 430 and (b) 192 buoy stations. 
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CONCLUSION 
The five-year wave data in North Carolina shores 
were analyzed and the wave characteristics (wave 
height and time period) as well as wave power 
density were estimated. These data were used to 
determine the hydrodynamic body forces on the 
RM3. These analysis were conducted using the 
WEC-Sim platform, a MATLAB-based open 
source code developed by the DOE. The results 
provided the preliminary steps towards analyzing 
the performance of this system for NC shores. 
Further work for this project include further 
analyzing the forces and using a commercial CFD 
code to simulate the same environment as that in 
NC shore for RM3.  
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(a) 
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Figure 6– The pitch response vs time plots 
for (a) 430 and (b) 192 buoy stations. 
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