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A two-dimensional mathematical model was developed to predict the dynamic

response of a moored, floating platform mounting a tidal turbine in current and
waves. The model calculates heave, pitch, and surge response to collinear waves
and current. Waves may be single frequency or a random sea with a specified spec-
trum. The mooring consists of a fixed anchor, heavy chain (forming a catenary), a
lightweight elastic line, and amooring ball tethered to the platform. The equations of
motion and mooring equations are solved using a marching solution approach im-
plemented using MATLAB. The model was applied to a 10.7-m twin-hulled platform
used to deploy a 0.86-m shrouded, in-line horizontal axis turbine. Added mass and
damping coefficients were obtained empirically using a 1/9 scale physical model
in tank experiments. Full-scale tests were used to specify drag coefficients for the
turbine and platform. The computer model was then used to calculate full-scale
mooring loads, turbine forces, and platform motion in preparation for a full-scale test
of the tidal turbine in Muskeget Channel, Massachusetts, which runs north-south
between Martha’s Vineyard and Nantucket Island. During the field experiments,
wave, current, and platform motion were recorded. The field measurements were
used to compute response amplitude operators (RAOs), essentially normalized am-
plitudes or frequency responses for heave, pitch, and surge. The measured RAOs
were compared with those calculated using the model. The very good agreement
indicates that the model can serve as a useful design tool for larger test and com-
mercial platforms.
Keywords: tidal energy, floating platform dynamics, seakeeping, Muskeget Channel,
wave response field measurements
Hampshire, and Muskeget Channel,

Massachusetts (Rowell, 2013). In the
Introduction
Floating platforms have been used
to test and demonstrate the use of
hydrokinetic turbines in tidal currents.
Examples include Verdant Power’s
(2005) deployment of a Gorlov tur-
bine in the tidal Merrimack River,
Ocean Renewable Power Company’s
(Hewitt, 2010) barge demonstration
of their turbine in Cobscook Bay and
the performance evaluation of tidal
turbines in the Piscataqua River, New

last two applications, the floating plat-
formmade use of a twin-hulled, decked
configuration having a derrick built
around a central opening for raising
and lowering the turbine. The platform
was anchored in place during actual
testing as shown in the Figure 1 sche-
matic. The convenience and cost effec-
tiveness of this concept has resulted in
the design of larger, more capable plat-
forms (Byrne, 2011, 2013). In addition,
several developers of commercial sys-
tems have noted that floating tidal en-
ergy platforms have significantly lower
installation and maintenance costs
compared to fixed, bottom-mounted
systems (see, e.g., Francis & Hamilton,
2007).

Floating platforms, however, are
limited by stability in strong currents
and sea-keeping response to waves in
exposed sites. The drag force acting
on a turbine mounted below the hull
can generate a bow-down tipping mo-
ment, reducing freeboard. The down-
ward pull of the bow anchor line
also contributes to bow-down tipping
moment unless a large float is used,
which may disturb the incident flow.
In addition, waves can cause unsafe
conditions, such as excessive water-
on-deck or waves impacting the
July/Au
underside of the deck. Waves may
also limit operations, causing crew dis-
comfort to the extent that they may
be incapacitated (see, e.g., Sarioz &
Narli, 2005).

To determine the behavior of the
platform in current and waves, a two-
dimensional mathematical model of
the platform-turbine-mooring system
was developed. The model predicts
the horizontal displacement (surge),
rotation angle (pitch), and vertical dis-
placement (heave) response to col-
linear waves and current. Waves may
be single frequency or a random sea
with a specified spectrum. This model
gust 2013 Volume 47 Number 4 45



differs significantly from traditional sea-
keeping models (e.g., Salvesen et al.,
1970) because of nonlinear drag forces
on the turbine and platform including
mounting structure and the presence
of a mooring system. The mooring con-
sists of a fixed anchor, heavy chain
(forming a catenary), and a lightweight
elastic line extending to a mooring ball
and then to the platform.

In this paper, the heave, pitch, and
surge equations of motion, along with
the mooring system equations, are de-
veloped. The complete set of dynamic
equations was solved using a “march-
ing solution” approach implemented
in MATLAB. The results of single
frequency wave excitation were used
to find response amplitude operators
(RAOs), which can be used to charac-
terize sea-keeping response (St. Denis&
Pierson, 1953). The model was applied
to the University of New Hampshire
(UNH) 10.7-m (35-foot) tidal energy
test platform that was deployed during
Summer 2012 in the exposedMuskeget
Channel, Massachusetts, and subject
to waves and current while testing a
shrouded tidal turbine. Damping and
inertial coefficients were found using
a 1/9 scale physical model in wave/
tow tank experiments. Drag coeffi-
cients were found from full-scale exper-
iments. Initial comparisons between
model predictions and wave tank data
46 Marine Technology Society Journa
justified using themathematical model
to design the mooring system, compute
fluid dynamic loads on the turbine, and
identify operating limits of the platform
in preparation for the field deployment.
During the field experiments, platform
motion, wave surface elevation, and
current were measured. This data set
was used to validate the model under
full-scale field conditions.
Heave-Pitch-Surge Model
The mathematical model was de-

veloped directly from the component
equations of motion incorporating a
nonlinear (velocity squared) represen-
tation for drag forces, including the
important drag of the turbine, as well
as nonlinear relations describing the
mooring system. Because of this math-
l

ematical complexity, a first principles
approach was chosen rather than
adapt the standard linear sea-keeping
methods for unmoored surface vessels
described by, for example, the Society
of Naval Architects and Marine Engi-
neers (1988) and Faltinsen (1990).
Nevertheless, the nomenclature used
here for position variables and linear
restoring and wave excitation coef-
ficients is consistent with standard
sea-keeping analysis.

The forces and moments acting
directly on the platform are shown on
the Figure 2 free body diagram.

From Figure 2, Newton’s second
law applied in the horizontal (surge,
subscript 1, or x-direction) yields the
following equation of motion:

FDp1þFDt þ FAp1þ FAt �FTlcosϕ¼η̈1m:

ð1Þ

Here FDp1 is the drag force on the
platform, FDt is the drag force on the
turbine, FAp1 is the fluid accelera-
tion force on the platform, FAt is the
fluid acceleration force on the turbine,
and FTl is the mooring line tension.
Furthermore, η::1 is the acceleration
of the platform in surge and m is the
mass of the system. The drag forces
on the device and support structure,
which generally involve bluff body
FIGURE 1

Floating platform anchored in tidal current with turbine mounted below. Mooring can be single-
point or fore and aft (not shown).
FIGURE 2

Free-body diagram of surface platform with wave and current forcing.



components, are taken to be proportional to the square of relative fluid velocity, so the general drag force representation
has the form

FD ¼ 1
2
CDρAU jU j ð2Þ

where CD is a drag coefficient, ρ is fluid density, A is projected area, and U is the relative fluid velocity.
The equation of motion in the vertical (heave, subscript 3, or z-direction) is

FBp þ FBt � FWp � FWt þ FDp3 þ FDt3 þ FAp3 þ FApt � FTl sinϕ ¼ η̈3m: ð3Þ

Here FBp and FBt are the buoyant force on the platform and turbine, respectively; FWp and FWt are the weight of the
platform and turbine, respectively; FDp3 and FDt3 are the heave damping force on the platform, turbine (including wave
and viscous damping); and FAp3 and FAt3 are the heave added mass force on the platform and turbine, respectively. Further-
more, η̈3 is the acceleration of the platform in heave.

Consideration of moments about the negative y-axis passing through the center of gravity (CG), associated with pitch or
subscript 5 rotation, results in

�FBp5 þ FDp5 þ FAp5 þ FAt þ FDtð Þrt þ rf FTl sinϕ ¼ η::5I5: ð4Þ

Here FBp5 is the buoyancy moment applied to the platform, FDp5 is the damping moment applied to the platform, FAp5 is the
added mass moment applied to the platform, rt is the vertical distance from the center of gravity to the turbine hub, and rf
is the horizontal distance from the center of gravity to the mooring attachment point. Furthermore, η̈5 is the angular accel-
eration of the platform in pitch, and I5 is the mass moment of inertia of the system about the y-axis.
Buoyancy Forces
For equilibrium conditions with no current, the total buoyancy force in the heave direction, FBp þ FBt ¼ FB, is equal to

the weight of the system, mg ¼ FW ¼ FWp þ FWt . When the water level changes relative to the system’s center of gravity,
CG, an incremental change in the buoyant force is induced so that the total buoyant force minus weight in heave can be
written as

FBp þ FBt � FWp � FWt ¼ FB � mg ¼ ρgAwp ζ3eff � η3

� �
ð5Þ

wherem is the mass of the system, η3 is the heave displacement of the system, Awp is the planform area of the platform at the
waterline, and ζ3ef f is the surface elevation averaged over length L of the platform. For a linear surface wave, this is

ζ3eff ¼
1
L

Z L
2þη1

�L
2þη1

H
2
cos kx � σetð Þdx

¼
sin

kL
2

� �
kL
2

H
2
cos kη1 � σe tð Þ ð6Þ

where k = 2π/λ is the wave number; λ is wavelength, σe is the wave radian encounter frequency (wave frequency modified by
advection of the wave field at the current velocity),H is wave height, and η1 is platform surge displacement. The hydrostatic
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moment on the platform is the sum of the hydrostatic restoring moment and the wave forcing moment. Thus, the buoyancy
moment is

FBb5 ¼ mgð Þgm �η5

� �þ Z
A
ρgζ3 xð Þxdx ð7Þ

where the productmg is the buoyant force, gm is the metacentric height, η5 is the pitch angle, and ζ3 is the surface elevation.
(This equation approximates the instantaneous buoyant force with the equilibrium buoyant force, mg, and based on the
slender pontoons being nearly symmetrical fore-and-aft, the buoyancy moment due to heave displacement was neglected.)
Substituting in for surface elevation from linear wave theory yields

FBb5 ¼ mgð Þgm �η5

� �þ Z L
2þη1

�L
2þη1

ρgHcos kx þ kη1 � σe tð Þxbdx: ð8Þ

Here the planform area of the platform at the waterplane is treated as a rectangle of length L and constant width b. The result
of this integration can be shown to be

FBb5 ¼ mgð Þgm �η5

� �þ ρgb � Lcos kL
2

� �
k

þ 2sin kL
2

� �
k2

� �
H
2
sin σet � kη1ð Þ þ ρgb η1L

sin kL
2

kL
2

" #
H
2
cos kη1 � σetð Þ: ð9Þ

Drag and Damping Forces
Horizontal forces on the platform and turbine associated with relative fluid velocity are taken to be proportional to the

square of velocity (see Equation 2), in keeping with the dimensional analysis approach to drag forces. In the vertical (heave)
direction, however, velocity-dependent forcing is taken to be proportional to the velocity, as in the traditional wave and
viscous damping approach common to basic sea-keeping methods. In the pitch mode, a mix of linear and nonlinear contri-
butions is used.

The drag forces in surge are drag on the turbine,

FDt ¼ 1
2
ρCDtAtUhubjUhubj ð10Þ

and drag on the platform,

FDp ¼ 1
2
ρCDpApUsurf jUsurf j: ð11Þ

Here the At and Ap are the submerged projected areas of the turbine and platform, respectively. The drag coefficients, CDt

and CDp, are determined experimentally. Relative fluid velocity at the hub is

Uhub ¼ Ucur þ ζ
:
1 � η

:
1 � rtη

:
5

� �
ð12Þ

at the surface,

Usurf ¼ Ucur þ ζ
:
1 � η

:
1

� �
ð13Þ

where Ucur is the current velocity and ζ
:
1 is the wave-induced fluid velocity, calculated at the appropriate depth using linear

wave theory.
48 Marine Technology Society Journal



In heave, the damping forces are taken to be linear, so those due to the wave
velocities and platform velocities can be summed such that

FD3 ¼ Bp33* ζ
:
3eff � Bp33η

:
3 þ Bt33* ζ

:
3 � Bt33η

:
3 ð14Þ

where Bp refers to damping coefficients for the platform, and Bt refers to damping
coefficients for the turbine; all were determined experimentally. Here B refers to
damping coefficients for motion in still water and B* refers to damping coefficients
for fluid motion past the stationary body. In this model the still water damping
coefficient in heave, B33, is assumed to be equal to the wave velocity damping
coefficient in heave, B33* . This approach is comparable to that taken by Korvin-
Kroukovsky and Jacobs (1957) and Salvesen et al. (1970). Also, the vertical wave
fluid velocity, ζ

:
3, is calculated at the turbine hub depth using linear wave theory

and ζ
:
3eff is the vertical fluid velocity at the surface averaged over the length of the

platform. The derivation of this is similar to that of the average surface elevation,
and the result is

ζ
:
3eff ¼

sin kL
2

� �
kL
2

� � ζ
:
3: ð15Þ

In this case, ζ
:
3 is evaluated at the surface. Since there is no significant wave-

induced angular velocity in the fluid (linear wave theory is irrotational), the damp-
ing moment applied to the platform in pitch is simply

FDp5 ¼ Bp55η
:
5 ð16Þ

where Bp55 is the damping coefficient in pitch and η
:
5 is the angular velocity of the

platform. The turbine’s contribution to the drag/damping pitch moment can be
simplified by assuming that the pitching of the platform has a negligible effect on
the drag/thrust coefficient of the turbine, as demonstrated by Bahaj et al. (2006).
Thus, that contribution is

FDt5 ¼ FDtrt ð17Þ

where rt is the distance from the system’s center of gravity to the turbine hub and,
again, FDt is the drag force on the turbine in surge.
Acceleration Forces
The horizontal force on the platform associated with platform and fluid accel-

eration, FAp1, is defined as

FAp1 ¼ Ap11* ζ̈ 1 � Ap11η̈1 ð18Þ

where, as with B, A is the matrix of added mass coefficients for motion in still
water; A* is the added mass coefficient matrix for fluid motion past the stationary
body; ζ̈ 1 is the horizontal fluid acceleration; and η̈1 is the platform acceleration in
July/Au
surge. According to Berteaux (1991),
A and A* are related by

A* ¼ Aþ m: ð19Þ

The horizontal acceleration force
on the turbine takes a similar form to
that on the platform. If the turbine is
modeled as a flat plate, m, the mass of
the fluid displaced by the body is zero,
so A* = A and the force is

FAt ¼ At11 ζ̈ 1 � η̈1
� � ð20Þ

where the added mass is a function of
the turbine diameter,

At11 ¼ 8
3
ρπL 3

Dt : ð21Þ

Here LDt is the diameter of the turbine.
In the vertical direction, the same
method can be used. Thus, the acceler-
ation force is

FA3 ¼ A33* ζ̈ 3eff � A33η̈3: ð22Þ

Here, again, ζ̈ 3 is the wave fluid accel-
eration in the vertical direction, aver-
aged over the length of the platform,
and η̈3 is the platform acceleration in
heave. Furthermore, A33 is the added
mass of the system when heaving in
still water.
Mooring Forces
The mooring system modeled in-

cludes an embedment anchor (assumed
fixed), a length of heavy chain, and a
fiber rope extending to a mooring
ball and then to the platform (see Fig-
ure 3). In this model, the primary
forces are assumed to be weight and
tension. Fluid forces on the line and
chain, the weight of the line, and the
inertia of the mooring system are ne-
glected. Thus, the line is assumed to
always be straight (but elasticity is
gust 2013 Volume 47 Number 4 49



included) and the mooring forces are
governed by the catenary equations.

If some chain lies on the seafloor
and the line is attached to the platform
at the waterline, Berteaux (1991) derives
the following governing equations:

T0 ¼ Tlcos ϕð Þ ð23Þ

Tl ¼ T0cosh
pXr

T0

� �
ð24Þ

dt ¼ Yr þ Lml sin ϕð Þ ð25Þ

Yr ¼ T0

p
cosh

pXr

T0

� �
� 1

� �
ð26Þ

Sup ¼ T0

p
sinh

pXr

T0

� �
: ð27Þ

The vertical distance dt is from the
ocean bottom to the mooring ball at-
tachment point. Mooring ball inertia
is neglected, so that the vertical compo-
nents of line tensions are in equilibrium
with buoyancy force minus ball weight,
and the difference in horizontal compo-
nents of line tensions account for buoy
drag calculated using a drag coefficient
approach (see Equation 2). If no moor-
ing ball is used, dt is the vertical distance
50 Marine Technology Society Journa
to the mooring line’s attachment point
on the platform.

Allowing for elasticity in the straight
mooring line introduces the additional
equation,

Lml ¼ Lml0 þ Tl

K
: ð28Þ

Summing up horizontal distances pro-
vides the relationship,

Lchain� Sup þ Xr þ Lmlcos ϕð Þ ¼ X0 þ η1:

ð29Þ

Current and Wave Forcing
Current is taken to be constant in

time and uniform with depth. Waves
may be specified as single frequency
waves and represented by linear wave
theory. Frequency at the platform is
modified by advection of the wave field
at the current velocity and referred to
as the encounter frequency.

Random seas may also be simulated
using the random phase approach.
Surface elevation is taken to be a super-
position of single frequency contribu-
tions, each having a random phase
and an amplitude consistent with a
specified spectral density. For example,
l

the Brettschneider (1963) spectrum S
may be used, for which

S ¼ 5
16

H 2
1
3

fpk

σ
σpk

� ��5

exp � 5
4

σ
σpk

� ��4
 !

ð30Þ

where H1/3 is significant wave height,
fpk is peak frequency (Hz), and σpk is
radian peak frequency (radians/s).
Numerical Solution
The equations of motion were

solved in the time domain using a
“marching solution” approach imple-
mented in a MATLAB program. At
each time step, the system of nonlin-
ear algebraic equations, including all
mooring equations, was solved itera-
tively, and the dynamic equations used
to extrapolate to the next time step.
The procedure began using initial con-
ditions for the platform’s three degrees
of freedom and their derivatives (i.e.,
the initial position and velocity in
three degrees of freedom).
Model Application
and Validation

The model was applied to UNH’s
10.7-m (35-feet) decked, twin-hulled
tidal energy test platform (Rowell,
2013). Damping and acceleration
force coefficients were found empiri-
cally using a 1/9 scale physical model
in tank experiments. The computer
model was then used to calculate full-
scale mooring loads, turbine forces and
platform motion in preparation for a
full-scale test of a horizontal axis tidal
turbine in Muskeget Channel, which
runs north-south between Martha’s
Vineyard and Nantucket Island. Dur-
ing the field experiments, wave, current
and platform motion were recorded.
The field measurements were used to
compute RAOs, essentially normalized
FIGURE 3

Catenary mooring system, with mooring ball, in equilibrium.



amplitudes or frequency responses, for heave, pitch, and surge. The measured
RAOs were compared with those calculated using the model.

Addedmass and damping coefficients for the platform-turbine system in heave
and pitch were obtained by measuring the platform’s response to an initial pertur-
bation in still water, referred to as a “free-release test.” Free-release testing is a stan-
dard procedure for characterizing the dynamic response coefficients for oscillating
systems (see, e.g., Palm, 2010).

For heave, when no wave, current, or mooring loads are present, Equation 3
simplifies to

η̈3 mþ A33ð Þ þ B33η
:
3 þ C33η3 ¼ 0 ð31Þ

which describes a harmonic oscillating system. Here, A33 is the added mass of the
system in heave; B33 is the system damping in heave; C33, is ρgAwp; and Awp is
waterplane area. The solution to Equation 31, when the platform is released
from rest at height A, is

η3 ¼
A

cosϕ
eζωotcos ωd t � ϕð Þ ð32Þ

where ϕ ¼ tan�1 ζωo

ωd

� �
; ωo ¼ C33

mþ A33

� �1
2

is the undamped natural frequency

of the system in heave; ωd ¼ 2π
Td

¼ ωo

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ζ2

q
is damped natural frequency; Td

is the damped natural period; and ζ ¼ B33

2ωo mþ A33ð Þ is the damping ratio.
July/Au
A 1:9 Froude-scaled model of the
10.7-m (35-feet) UNH V1 Tidal En-
ergy Test Platform and the 0.86-m
(34-inch) FloDesign tidal turbine was
constructed, and its response to heave
and pitch perturbations in still water
were measured by UNH’s Optical Po-
sitioning, Instrumentation, and Evalua-
tion (OPIE) system, which is described
by Michelin and Stott (1996). Figure 4
shows results from a typical heave free-
release test. The average time between
negative peaks was taken as the damped
natural periodTd . (Zero crossings could
have been used.) The solution given by
Equation 32 was then fit to two nega-
tive peaks in succession to yield the
damping ratio ζ. These results were
combined with the above parameter
definitions to evaluate added mass
and damping constants. Six experi-
ments were done, and averaged param-
eters were used in the mathematical
model.

This free-release method was re-
peated to find the pitch damping and
added mass coefficients. The average
damped natural period was 1.4 s for
heave and 1.0 s for pitch. Drag coeffi-
cients (in the surge direction) for both
the platform and turbine were found
from full-scale physical experiments.
The added mass coefficient for the long
slender hulls in surge motion was taken
to be negligible. For the turbine, added
mass in surge was approximated by
Equation 21.

Themodel was then used to predict
the dynamic response of the UNH
CORE 10.7 m (35 feet) platform to
expected conditions in Massachusetts’
Muskeget Channel. First, the bow-
down inclination angle was calculated
using Equation 4 without waves in
a steady, predicted tidal current of
2 m/s. It was determined that a surface
float needed to be used. Otherwise, the
downward pull of the mooring line in
FIGURE 4

Annotated sample free-release test of model 10.7-m (35-feet) platform in heave compared to
mathematical model of free-release test. Physical model values were Froude scaled to full size.
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combination with the bow-down
moment generated by the 0.86 m
(34 inch) diameter FloDesign turbine
caused too much reduction in bow
freeboard. With the float, steady bow-
down inclination was only 0.3°. Wave
environments were represented by
two single-frequency design waves,
one 0.30 m height and 7.5 s period
wave for Sea State 2, and one 0.88 m
height, 7.5 s period for Sea State 3. It
was determined that mooring loads
from both sea states could be sustained
by an embedment anchor of 227 kg
(500 lb) in the expected sand/gravel
bottom sediment of the channel. Max-
imum turbine fluid dynamic forces of
2,500 N and 3,400 N for Sea States 2
and 3, respectively, were acceptable
to the turbine manufacturer. Platform
motion response predicted for the two
sea states indicated that Sea State 2 or
less would be highly desirable for field
operations, while Sea State 3 or higher
would pose operating difficulties possi-
bly endangering crew and equipment.
Ocean Deployment
UNH’s 10.7-m (35-feet) tidal en-

ergy test platform was used to test the
FloDesign hydrokinetic turbine in
Muskeget Channel on July 15, 16 and
19, 2012. The energetic environment
and the instrumentation onboard the
platformmade for a good full-scale val-
idation case.
52 Marine Technology Society Journa
In the full-scale deployment the
platform instrumentation included a
high-end inertial measurement unit
(IMU) provided by the National Re-
newable Energy Laboratory (NREL),
a wave staff mounted on the bow of
the platform, load cells, and flow sen-
sors, listed in Table 1. Before deploy-
ment, the IMU was calibrated to the
greater of 5 cm or 5% for linear posi-
tion and to ±0.03° for angles smaller
than ±5°; the wave staff was calibrated
to ±0.4 cm. The wave staff, corrected
for platform motion with the IMU,
was used to determine the wave forcing
spectrum. The IMU was also used to
find the platform response spectra,
which were used to compute the system
RAOs. Load cells were used to measure
the mooring loads on the platform.

On each day of testing, the plat-
form was moored on a single-point
mooring, shown in Figure 5.

The platform was deployed during
two ebb tides and one flood, each on a
different day. This mooring system al-
lowed the test platform to align itself
with the current, allowing for a wide
radius of potential locations. Thus, the
water depth at the platform location
was recorded on each day of testing so
that the wave environment could be
modeled accurately.

Platform motion data were re-
corded continuously at 10 Hz for the
duration of the testing and saved in
10 min segments, which were spliced
l

together when processing longer data
sets. The wave staff recorded a single
file for each day of testing and also
sampled at 10 Hz. The vector ADV
also recorded a single file for each day
of testing, sampling at 32 Hz. The de-
ployment is described in further detail
by Rowell (2013) and Dewhurst et al.
(2012).

The location of the system’s center
of gravity (CG) was found using a de-
tailed Solidworksmodel of the platform-
turbine system, accounting for the
mass distribution of the crew. Know-
ing the geometric relation of the IMU
to the CG, the platform motion at/
about the CG in each degree of freedom
was found as

η1 ¼ η1*� RIMU3sinη5 ð33Þ

η3 ¼ η3*� RIMU1sinη5 ð34Þ

where η1* and η3* are respectively the
surge and heave displacement measured
at the IMU and RIMU1 and RIMU3 are
respectively the horizontal and vertical
components of the vector from the CG
to the IMU, shown in Figure 6. Since
the system is treated as a rigid body,
η5 needs no correction.

The fluid surface elevation time
series was found by correcting the
elevation measured by the wave staff
with the platform displacement as
measured by the IMU. The vertical
TABLE 1

Ocean deployment instrumentation.
Instrument
 Model
 Manufacturer
Wave Staff
 OSSI-010-002E
 Ocean Sensor Systems
Acoustic Doppler Velocimeter (ADV)
 Vector Cable Probe Standard
 Nortek USA
Inertial Motion Unit (IMU)
 402225 DMS 3
 Teledyne TSS
Load Cells
 SS 20000
 Sensing Systems



position of the platform bow (on which
the wave staff was mounted) was calcu-
lated as

ηbow3 ¼ η3 þ sin η5

� �
RBow1 ð35Þ

Thewave spectrumwas then computed
as the power spectral density of the
corrected surface elevation time series,
ζbow3, using a Hanning window and
ensemble averaging in 5-min ensem-
bles and band averaging over five adja-
cent Fourier frequencies, as described
July/Au
by, for example, Bendat and Piersol
(2010). The power spectral density of
the platform motion in each degree of
freedom was computed using the same
method as for the wave spectrum. The
RAO in each degree of freedom was
then computed as shown in Table 2.
A spectral approach was used because
forcing and response were random. Es-
sentially, surge was normalized by hor-
izontal motion of wave forcing at the
surface, heave was normalized by the
wave amplitude, and pitch was nor-
malized by wave slope.

After the full-scale ocean deploy-
ment, the model was applied using
two different wave forcing methods—
single frequency waves spanning the
field spectrum and random seas having
the same spectra. For the single fre-
quency waves, model wave height
was chosen to match the measured
sea significant wave height. Model
RAOs were calculated by normalizing
heave, pitch, and surge amplitudes by
surface wave amplitude for heave and
surge and surface wave slope for pitch
(see Table 2). For the random sea forc-
ing, the input wave spectrumwas spec-
ified to match the measured spectrum
for that comparison case. The random
phase method was then used to com-
pute the wave surface elevation time
FIGURE 5

Mooring system for ocean deployment.
FIGURE 6

UNH CORE 10.7-m (35-feet) platform with instrumentation.
TABLE 2

RAO definitions.
Mode of Motion
 Wave Type
Single Frequency
gust 2013 Vo
Random
Surge
 η1max � η1minð Þ
H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Splatform1

Sζ

s

Heave
 η3max � η3minð Þ
H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Splatform3

Sζ

s

Pitch
 η5max � η5minð Þ
Hk
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Splatform5
k2Sζ

s
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series used to drive the mathematical
model. Model predictions for heave,
pitch, and surge time series were then
processed using the same steps as for
the field data.

Figure 7 compares measured RAOs
with single frequency and random sea
model predictions under following sea
conditions (current and wave direction
opposed). Head sea conditions (cur-
rent and wave direction the same) are
shown in Figure 8. For both the Fig-
ure 7 and Figure 8 situations, crew
member positions were fixed during
the experiment, while in Figure 9 the
four-member crew was allowed to
move freely on deck.

In general, the Figures 7, 8, and 9
comparisons indicate that the model
replicates response magnitudes and
frequency dependent trends. To pro-
vide a quantitative comparison, the
model skill was computed for each
case according to

S ¼ 1� nRMSð Þ2 ð36Þ
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where nRMS is the root mean square
error between observations and model
results normalized by root mean square
of the observations. The results of
l

the skill calculation are shown in
Table 3.

Results for surge and heave predic-
tion are very good for all environments
considered (S ≥ 0.85). Pitch response
predicted by the model for following
seas, and the Figure 8 head sea case is
also good. For the Figure 9 head sea
case, however, the model overpredicts
pitch response, leading to a low skill
value. In this case, crew position was
not restricted during the experiment.

To characterize model sensitivity to
addedmass and damping coefficients de-
termined in the scale model free-release
tests, the percent change in RAO val-
ues, at a midrange wave frequency of
1.2 rad/s, was calculated for the follow-
ing sea (Figure 7) case when heave cali-
brated coefficients were varied by ±20%.
The results are shown in Table 4.

Comparisons indicated that the
model is relatively insensitive to pa-
rameter changes. For the experimental
conditions, total normal fluid force
on the line was less than 15% of line
FIGURE 7

Current: 1.5 m/s, significant wave height: 1.0 m, following seas. Ocean data: 4 ensembles, 5 bands.
95% confidence intervals, based on F -distribution, are shown at every other banded frequency.
Average of top 5% of predicted force peaks was 591 lb; average of top 5% ofmeasured force peaks
was 557 lb.
FIGURE 8

Current: 1.9 m/s, significant wave height: 0.5 m, head seas. Ocean data: 4 ensembles, 5 bands.
95% confidence intervals, based on F-distribution, are shown at every third banded frequency.
Average of top 5% of predicted force peaks was 431 lb; average of top 5% of measured force
peaks was 323 lb.



tension, so neglecting drag force on the
mooring system did not introduce sig-
nificant error.

Discussion
The generally favorable compari-

son between predicted and observed
RAOs indicates that the mathematical
model captures the essential physics
governing floating platforms in current
and waves. For the exception of pitch
when mass positions were not con-
strained, the model prediction is con-
servative, which is normally acceptable
July/Au
for design purposes. It should be noted
that the heave and pitch RAOs do not
exhibit a “resonance” at the natural fre-
quencies identified in the free-release
tests. This is because the frequencies
are high enough that the wavelengths
are short compared to waterline lengths
and the net forcing effect is negligible
(see Equations 6, 9, 15). The long,
light hulls used are, therefore, optimal
from this standpoint. The model has
also been demonstrated to be an effec-
tive and useful design tool in prepara-
tion for field experiments in which
the platform supports the testing of a
tidal turbine.

For commercial platforms and for
larger test platforms to be used for ex-
tended deployments, the model capa-
bilities should be more fully utilized.
For example, a 29-m floating platform
is presently being developed for use in
Muskeget Channel (Dewhurst, 2013,
Swift et al., 2013). In this application,
steady bow-down inclination and
mooring loads are calculated as in the
preparation for the Summer 2012
field deployment. In addition, the
FIGURE 9

Current: 1.5 m/s, significant wave height: 0.5 m, head seas. Ocean data: 2 ensembles, 5 bands.
95% confidence intervals, based on F -distribution, are shown at every third banded frequency.
Average of top 5% of predicted force peaks was 289 lb; average of top 5% of measured force
peaks was 261 lb.
TABLE 3

Model skill.
Surge, Single
Frequency
Surge,
Random
Heave, Single
Frequency
Heave,
Random
gust 20
Pitch, Single
Frequency
13 Volume 47 Nu
Pitch,
Random
Following seas (Figure 7)
 0.85
 0.88
 0.94
 0.96
 0.95
 0.93
Head seas A (Figure 8)
 0.97
 0.85
 0.97
 0.97
 0.83
 0.83
Head seas B (Figure 9)
 0.90
 0.96
 1.00
 1.00
 0.16
 0.19
TABLE 4

Sensitivity of sea-keeping model.
Heave added mass
increased by 20%
Heave added mass
decreased by 20%
Heave damping
increased by 20%
Heave damping
decreased by 20%
Surge RAO, % change
 0%
 0%
 0%
 0%
Heave RAO, % change
 −1%
 0%
 0%
 1%
Pitch RAO, % change
 0%
 0%
 0%
 0%
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model is forced by random seas inferred
for the site using long-term wave statis-
tics compiled at the nearby Martha’s
Vineyard Coastal Observatory. Bow
clearance is predicted using platform
motion time series to calculate bow
height from which a surface elevation
time series is subtracted. Percent time
for which there is no wave slamming
or water on deck can then be found.
Similarly, vertical accelerations can be
computed, allowing operating times
to be determined for which various
sea-sickness criteria are satisfied. Thus,
this computer simulation is expected
to be a practical design tool able to an-
swer many important design questions
regarding floating platform dynamics.
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