
INTERNATIONAL MARINE ENERGY JOURNAL, VOL. 4, NO. 2, JULY 2021 47

Modeling and Numerical Simulation of a
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Sultan, and Nikolaos Xiros

Abstract—Increased global renewable power demands
and the high energy density of ocean currents have moti-
vated the development of ocean current turbines (OCTs).
Compliant mooring systems will be used together with
variable buoyancy, lifting surface, sub-sea winches, and/or
surface buoys to maintain desired near-surface operating
depths. This paper presents a complete numerical simu-
lation of a 700 kW variable buoyancy controlled OCT
that includes a detailed turbine system, inflow, actuator
(i.e., generator and variable buoyancy), sensor, and fault
models. Simulation predictions of OCT performance are
made for normal, hurricane, and fault scenarios. Results
suggest this OCT can operate between depths of 38 m
to 90 m for all homogeneous flow speeds between 0.5-
2.5 m/s. Fault scenarios show that rotor braking faults will
result in a rapid vertical OCT system assent and blade
pitch faults will create power fluctuations apparent in the
frequency domain. Finally, the OCT power statistics and
system behaviors are quantified under typical and extreme
operations using measured ocean currents with normal and
hurricane conditions.

Index Terms—Renewable Energy, Ocean Current Tur-
bines, Numerical Simulation, Fault-Tolerant Control, Vari-
able Buoyancy.

I. INTRODUCTION

ELECTRICITY production from renewable energy
sources has been steadily increasing due to en-

vironmental concerns associated with fossil fuels and
recent advances in enabling technologies. This growth
includes the increasing installation of both solar and
wind technologies, as well as a push to harness ad-
ditional renewable energy resources, such as marine
renewable energy. Although marine renewable energy
technologies are still in their infancy when compared
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to other types of renewable energies, their vast power
production potential along with the success of numer-
ous prototype testing campaigns have encouraged the
transition of these technologies into array deployments
and interconnection with the electrical grid. A recent
study suggests that about 2000 GW of power can
be extracted from waves globally (300 GW from U.S.
waters) and 1000 GW from tidal currents globally (50
GW in U.S.) [1]. In the U.S., an additional 14 GW of in-
stream hydrokinetic power (i.e., not using dams) can be
extracted from rivers [2] and 18.6 GW can be extracted
from offshore ocean currents [3].

Significant potential for ocean current energy ex-
traction exists along the western boundaries of ocean
basins [4]. The Gulf Stream contains roughly 18.6 GW
(i.e., 163 TWh/year) of available power in U.S. waters
between Southeast Florida and North Carolina, with
the Florida Current portion of the Gulf Stream contain-
ing 5.1 GW (i.e., 45 TWh/year) [3], [5]. While similar
energy estimates are not readily available for other
targeted ocean current resources, these Gulf Stream
estimates and other related flow statistics suggest that
other currents also contain major renewable energy re-
sources. For example, the Gulf Stream carries 31 million
m3/s of water to the North Atlantic ocean [6], while
the Kurishio current transports 30–50 million m3/s of
water (reported from 6 measurement campaigns from
1970-1972) [7]. Additionally, the east coast of South
Africa is bound by the Agulhas Current, which flows
southbound as a fast and narrow stream transporting
an average of 70 million m3/s (reported for a 267-day
period) [8].

Ocean currents not only posses large quantities of
extractable power, but are also very power dense in
several areas. This power density is depth dependent,
with the highest values near the sea surface [9]. The
near surface maximum power densities off Japan and
South Africa at a depth of 20 m are estimated to be 2.15
kW/mathrmm2 and 2.17 kW/mathrmm2, respectively
[10], while the time averaged power density off the
southeast coast of the U.S. reaches 3.0 kW/mathrmm2

at a depth of 50 m [9]. Compliant mooring systems
must be used, since large ocean currents are strongest
near the surface and are typically located where total
water depths range from hundreds to thousands of
meters [4]. To locate moored Marine Current Turbines
(including river, tidal, and ocean current turbines) near
the sea-surface where the current is strongest, yet
below the sea surface to avoid surface effects and/or
interactions with surface vessels, several systems have
been proposed to maintain a proper operating depth:
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variable buoyancy [11]–[15], lifting surfaces or wings
[16]–[20], sub-sea winches [21], and surface buoys [22],
[23]. In this article, we will focus on simulating a
variable buoyancy solution, as this design type was
the first to be deployed in an open ocean current while
moored directly to the sea floor [11].

Several variable buoyancy turbine designs have been
proposed. The system developed and tested by the
University of Naples [12] has counter-rotating pro-
pellers, variable buoyancy control, a unique v-tail con-
figuration, and was designed to generate the rated
power of 100 kW at flow speeds of 2.8 m/s. A buoy-
ancy controlled turbine with a rated power of 1.2 MW
was proposed in [13]. The air compressor proposed
for this system was designed to pump air, or another
working fluid, in order to provide appropriate pres-
sure. Recently, a 1/5th scale turbine named Floating
Kuroshio Turbine (FKT) is being designed with the
proposed corresponding full scale system of 20 kW at
1.5 m/s [14], [15]. This proposed FKT turbine includes
two rotors and a foil float with two aft- and two fore-
buoyancy engines, so the float (i.e., buoyancy engine)
is responsible for providing variable buoyancy.

The technical design and in-water testing of moored
OCT systems has been conducted by both industry
and academia. The first on-site prototype testing for
turbines designed to operate in deep water offshore
currents was the Vertical Axis Hydro Turbine, which
was developed by Nova Energy Limited and the Na-
tional Research Council of Canada [24], [25]. This OCT
was successfully tested from an anchored vessel in the
Gulf Stream during a one-day mission in April, 1985.
Aquantis spent nearly a decade developing variants
of its 2.5 MW C-plane, dual-rotor turbine designed to
extract energy from the Gulf Stream [16], with two
separate moored prototype tests conducted in towing
tanks [26], [27]. Anadarko successfully tested their OCT
system in the Gulf of Mexico, producing approximately
12 kW of shaft power with a 1/5th scale system [28].
This proposed system uses an induction generator with
fin-ring propellers. In 2017, IHI Corporation began
testing an OCT in the Kuroshio current off Japan that
uses a dual-rotor, 100 kW turbine system to capture
kinetic energy [11], [29].

In 2020, three different OCTs were tested in Gulf
Stream during a multi-day mission designed to verify
the capability of producing electricity over a 24 hour
period [30]. In addition, National Taiwan University
built an 800 W (1/5th scale) test apparatus model
placed in a towing tank, which was also successfully
tested in the open water of the Kuroshio Current [31].
This test quantified the hydrodynamic performance
by establishing values for the rotor rotation speed,
torque, and thrust. Further, National Taiwan University
did a towing test on a 1/25th scale FKT turbine at
the towing tank to quantify the torque, power, and
thrust coefficients [14]. Another towing test was done
in Kuroshio currents, while the 1 kW turbine was
attached to a small boat and towed to simulate the
ocean currents [23]. In addition, the next phase of
testing on the designed turbine was done to find both
the operation of the mooring system and impacts of

waves on the turbine, which was tested at a circulating
water channel (length = 48 m, width = 4 m, and depth
= 1.67 m) using the wave-making facilities with the
flow speed of 2 m/s, and the maximum wave height
of 0.3 m [32].

Numerical simulations of moored turbines have also
been developed, along with control system technolo-
gies. A pitch controller was designed for harnessing
constant power while minimizing thrust of OCT sys-
tem [33], [34]. Numerical tools have been developed
and evaluated for single- and dual-rotor OCTs with
mooring cables that are designed for operation in the
deep waters of the Gulf Stream [35]. The motion of
the OCT system has also been simulated considering
real conditions [36] and controlled using pitch control
[37] by the University of Tokyo. Moreover, the dynamic
motion of a floating type OCT (i.e., contra-rotating
OCT) and a twin-rotor type OCT have been simulated
[38], where the numerical model of the twin-rotor type
OCT has been described using 6-DOF [39] and its
transient movement [40], as well as the movement dur-
ing rotor rotation initiation and during system failures
[41]. The numerical simulation of the OCT system has
been addressed in [42], [43] without considering any
feedback or fault in their OCT model. In addition,
the numerical model of an OCT system using wing-
like surfaces [26] and blade pitch control [44] has been
preliminarily explored.

One of the main challenges of developing ocean
energy is the high investment costs, especially for
operation and maintenance (O&M), which can be re-
duced through fault-tolerant control and condition-
based maintenance. A control benchmark has been
proposed for detecting faults and designing the fault
tolerant control for OCT system [45]. Deep bidirec-
tional long short-term memory networks [46], empir-
ical mode decomposition techniques [47], continuous
wavelet transform [48], [49], and sparse autoencoder
and softmax regression method [50] have been pro-
posed for OCT fault detection. Moreover, the prog-
nostic health management and predicting remaining
useful life of OCT system have been investigated in
[51], [52]. However, the faults, sensor error, actuator
error, fault detection, and machine health prognostic
are still minimally studied in the field of OCT systems.

The rest of this article is organized as follows. Sec-
tion II presents the simulated OCT system design,
previously developed numerical simulation algorithms
used in this project, inflow modeling, sensor model-
ing, and actuator modeling. Section III introduces the
modeling of blade, actuator, and sensor faults that
are most likely to occur in OCTs. Section IV predicts
the performance of an OCT under different operating
and fault conditions. Finally, Section V presents the
conclusions of this article.

II. OCEAN CURRENT TURBINE MODELING

The developed high-fidelity numerical simulation
platform has many similarities to the 700 kW, 3-blade
horizontal axis OCT turbine design from [44], which
also has many geometric and inertial characteristics
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Fig. 1. Schematic of the numerically simulated buoyancy controlled
ocean current turbine.

scaled from a 20 kW experimental OCT located at
Southeast National Marine Renewable Energy Center
(SNMREC) [53], [54]. In this section, we detail the
numerically modeled OCT specifications, provide an
overview of previously published numerical simula-
tion algorithms used in this study, and present new
simulation advancements. These new modeling ad-
vancements include environmental models that utilize
ocean current measurements, actuator models, and
sensor models.

A. Overview of the Modeled and Simulated OCT
The investigated OCT system is a representative

design with the basic features necessary for operation
in the Gulf Stream current off Florida’s East Coast. The
designed 700 kW system has a single 20 m diameter
variable pitch rotor, which is described in detail in [44].
Its geometric and inertial parameters are set to those in
[44] which are scaled from the 20 kW turbine presented
in [42], besides those of the variable buoyancy chamber
which replaces the ”buoyancy compensation modules”
in previous nearly neutrally buoyant designs.

The dimensions of this OCT are presented here, with
all locations and moments of inertia referenced to the
center of rotation of the rotor (i.e., coaxial with the
rotor shaft) at its front surface. Provided moments of
inertia values for the entire OCT assume the variable
buoyancy tanks are empty (i.e., do not contain water)
and are Ixx = 1.35× 107 kgm3, Iyy = 4.74× 107 kgm3,
and Izz = 3.45 × 107 kgm3. Moreover, the total mass
is 4.98× 105 kg without considering ballast water. The
variable buoyancy chamber is divided internally into
two separate buoyancy tanks, each with 3.20× 104 kg
(31.251 m3) of variable ballast. These ballast tanks were
sized such that the OCT achieves an operating depth
near 50 m (50.4 m) when each ballast tank is half filled
with water in a homogeneous current speed of 1.6 m/s.

The center of the collective fixed and variable ballast
tank (i.e., the variable buoyancy chamber) is located

at x = 9.58 m, y = 0 m, and z = −15.34 m, and it
has an overall length of 20.00 m and a diameter of
4.45 m. This OCT is 90 kN positively buoyant when
the ballast tanks are filled with water and 718 kN
when they are filled with air. The main pressure vessel
that houses the generator, gearbox, and electronics is
aligned with the rotor and has a length and diameter
of 14.76 m and 3.98 m respectively. In addition, the
single 607 m long mooring cable has a diameter of
0.16 m, slightly smaller than the 0.20 m diameter
double-armor umbilical suggested for a 5 MW offshore
wind turbine [55]. The resulting displaced mass of this
cable based on its geometry is 20.6 kg/m, and a mass
of 46 kg/m is assumed based on the average density of
a double-armor umbilical suggested for offshore wind
in [55]. This cable is attached to the OCT at the location
x = 11.85 m, y = 0 m, and z = 3.00 m so that
a near zero pitch angle is achieved (1.1 deg) when
both buoyancy tanks are half filled with water in a
homogeneous flow speed of 1.6 m/s. A representative
sketch of this system is provided in Fig. 1 to show
the relative scale and location of the primary OCT
components.

B. Previously Developed OCT Simulation Algorithms

The numerical modeling of OCT systems was ad-
dressed in a series of publications focused on system
dynamics and environmental conditions. The initial
mathematical modeling approach was used to describe
the dynamics of a nearly neutrally buoyant 20-kW
OCT, where the mooring cable was not attached to
the sea floor but instead was assumed to be a part
of a larger mooring system [42]. The study used a 7
degree of freedom model to assess both linear and
angular displacements of the OCT, in addition to the
states associated with the cable model. Furthermore,
the model considered kinematics, equations of motion,
hydrostatics, rotor forces, streamline body forces, cable
force, and included a wave model. The hydrodynamic
loads on this 3-meter diameter rotor blade were cal-
culated using a blade element momentum approach
with a dynamic wake inflow model, using 3D lift
and drag coefficients. These 3D lift and drag coeffi-
cients were calculated using Xfoil [56] then Airfoil-
Prep [57] based on the hydrofoil shapes of a rotor
blade. Wave effects on calculated turbine forces were
based on the wave induced orbital water velocities.
The utilized wave spectrum was defined as the prod-
uct of a Pierson-Moskowitz frequency spectrum and
a directional spreading function. Each element of a
mooring cable was modeled as a linear element with
forces determined by velocity and position of its end
nodes using finite element lumped mass approach.
Cable forces were calculated considering buoyancy,
hydrodynamic drag, gravity, and internal strain.

The same modeling process was enhanced to simu-
late a 700 kW OCT to develop the use of variable blade
pitch control for regulating position and attitude [44].
Airfoil shapes for the new rotor blade were selected us-
ing HARP-Opt, and FX-83-W airfoils were found as the
best design for this OCT based on power production
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when compared with numerous other airfoil shapes.
On the other hand, all of the lengths, areas, volumes
& masses, and moments of inertia are multiplied by
20/3, (20/3)2, (20/3)3, and (20/3)5 compared to num-
bers presented in [42]. In addition, effects of variable
blade pitch are simulated, i.e., effects of the individ-
ual blade root angles are considered in the angle of
attack calculations and when determining the reduced
flow rate [44]. Hence, the momentum portion of the
blade element model determines the blade root angle
according to the last rotor blade to pass its location. In
addition, the open- and closed-loop flight controller is
applied to move this OCT, which operates according
to harmonic oscillations of blade root angles [44] [58].

The turbulence model used in this paper was origi-
nally presented in [59]. This model calculates turbulent
flow perturbations in time domain, so the free-stream
water velocity at each node where hydrodynamic
forces are calculated is formulated as the sum of cur-
rent induced velocity, wave induced velocity, and tur-
bulence induced velocity. This approach is accounted
for the temporal, spatial, and directional correlations of
turbulence over all numerically modeled components.

C. Inflow Modeling

Realistic environmental characterization is important
for accurately simulating OCT operation. This includes
accurately representing both temporal and spatial vari-
ations in the flow field caused by turbulence, waves,
and lower frequency flow structures. Wave [42] and
turbulence [59] models used in this study were pre-
viously described in detail. Here, we describe how
this turbulence model is utilized with measured ADCP
data to more accurately describe a realistic current
environment, including events such as hurricanes. This
is important as temporal and three dimensional spa-
tial flow field correlations significantly impact OCT
response, and therefore flow induced signals found in
generated electrical power can mask fault signatures.

Measured ADCP data previously used in the ocean
current resource assessment presented in [60] are in-
tegrated into this inflow model. Data used to gener-
ate the results presented in this paper were recorded
between September 7, 2017 and November 3, 2017 at
a latitude of 26.094◦N and longitude of −79.800◦E.
These data include effects from Hurricane Irma, which
struck the Florida Keys on September 10, 2017 [60]
before moving up the West Coast of Florida. These data
include an unusually high northward current velocity
on September 11th and an unusually low northward
current velocity on September 26th, both of which are
likely related to hurricane Irma impacts [60].

ADCP data were first filtered to remove “bad” data
using the approach presented in [9]. Here, “bad” data
are defined based on ADCP measured ”correlation”,
”percent good”, and ”echo intensity” spikes that in-
dicate the initial return of side lobe acoustics reflect-
ing from the sea surface. These filtering techniques
removed most of the data within the top 50 m and
therefore results above this depth no longer contain
information on the actual vertical and other features
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Fig. 2. Northward water velocity spectra for ADCP data at a depth
of 75 m both before and after low pass filtering these data at 1-hour
intervals, as well as the spectrum used by turbulence generator.

present in the flow field. Then, to provide flow data es-
timates throughout the entire water column the ”good”
data point nearest the surface is used for all elevations
above this depth.

The PSD of these ADCP data for a depth of 75 m
flattens at a period of around 1-hour due to Doppler
noise (Fig. 2). Therefore, these data are low-pass filtered
at a period of 1-hour to minimize Doppler noise, with
the resulting spectrum also shown in Fig. 2 and the
resulting filtered ADCP data used in this paper shown
in Fig. 3. A turbulence spectrum that follows a f−5/3

decay is also shown in Fig. 2, with an associated turbu-
lence intensity of 37% for a frequency range from 1/(1-
hour) to 1/(0.1-second). It is noted that this spectrum
is equivalent to a turbulence intensity of 20% over the
more typical frequency range used for tidal energy ap-
plications from 1/(10-minutes) to 1/(0.1-second) [61].
The utilized turbulence model from [59] is therefore
utilized with a frequency range from 1/(0.1 second) to
1/(1-hour) and an associated turbulence intensity 37%,
which assumes an f−5/3 decay over this range. This
allowed for a smooth transition between the ADCP
measurement based flow data and turbulence model
calculated flow variations.

D. Actuator Modeling

This section presents the actuator models, including
the generator model and variable buoyancy model.
Generator Model: The model used to describe the
dynamics of the generator in the OCT is given by [62],
[63]: {

τem (s) /τ (s) = α/ (s+ α)

Pgen(t) = ηω(t)τem (t)
(1)

where τem is the electromagnetic torque of the gen-
erator, α determines the capacity of the generator,
Pgen denotes the generator power, ω is the rotational
speed of generator, and η denotes the efficiency of the
generator. For this simulation α = 700 for the 700 kW
OCT and η = 0.98.
Variable Buoyancy Model: The variable buoyancy
system has two separate variable buoyancy tanks. Each
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Fig. 3. Northward component of current velocity recorded by a
75 kHz ADCP after filtering out ”bad” data, extrapolating data
vertically, and low pass filtering these data at 1-hour intervals.

tank can hold 31.251m3 of air/water, and is sufficiently
baffled such that the center of mass of ballast in each
tank is not dependent on the orientation of the OCT.
This system model is developed to predict ballast
pump power usage and to provide reasonable limits
on the rate at which water can be transferred into or
out of these tanks.

This model assumes that a pump drives water
through an opening such that the pressure in the tank
is at vacuum pressure (i.e., Pabs

∼= 0 kPa). Using this
approach very little power is used (i.e., Pfill

∼= 0) when
the tanks are being filled with water, since this can
be driven by the natural pressure difference between
ambient pressure and vacuum pressure. The power
required to pump sea water out of the tank can be
calculated using pressure, volumetric flow rate, QB ,
and pump efficiency:

P fill
B = 0 (2)

P empty
B =

P ·QB

ηpump
(3)

where ηpump = 0.75 is the pump efficiency, P = Patm+
PHS . Assuming Patm is atmospheric pressure (101 kPa)
and PHS is hydrostatic pressure (PHS = ρ.g.z) in kPa,
where g = 9.81m/s

2 is gravity. P empty
B in kW can be

rewritten as:

P empty
B =

(101 + 10.1z)QB

0.75
(4)

To find reasonable limits for the volumetric flow
rates of water as a function of depth this can be re-
written as:

QB =
0.75P empty

B

101 + 10.1z
(5)

Assuming a ballast pump power for each ballast
tank that is equal to that of WWII era submarines [64]
of P empty

B = 18.8 kW, a volumetric flow rate QB of
0.023m3/s is achieved at a depth of 50m. Since each
of the two ballast tanks has a volume of 31.251m3,
these tanks can be completely emptied in 22.2 minutes
at this depth, with a total energy usage of 14.02 kWh
that is independent of the fill rate.

E. Sensor Modeling

Sensor models are utilized that set sampling rates
while adding synthetic errors to simulation outputs
creating realistic feedback and recorded data sets. Sen-
sor parameters are set according to measured sensor
performance, manufacturer specifications, and previ-
ous studies [45], [65]. Models are specified for IMU
(accelerometers, rate gyros, and Euler angles), gener-
ator speed, shaft torque, pitch angle, water velocity,
rotor speed, and electric power sensors. For all sen-
sor models, besides the IMU model, discrete update
rates are directly applied to calculated simulation val-
ues, then wide-band random noise components are
summed with this signal using values provided in Ta-
ble I. However, IMU sensor models require additional
calculations.

For the IMU model, numerical simulation calculated
states at the body fixed frame’s origin are first sampled
at rates specified in Table I. Gyro measured rotation
rates and accelerometer measured accelerations are
found using rotation rates and accelerations calculated
in the IMU sensor frame summed with sensor bias and
noise, producing the following synthesized measure-
ment values:

ωM = LM−Bω + cω + wω (6)

aM = LM−B(a+ ω̇ × rM + ω2 × rM ) + wa (7)

where ω is the rotational velocity vector, a is the accel-
eration vector, rM is the rotational radius of the IMU
measurements in the body fixed frame, M represents
synthesized measurements in the IMU measurement
frame, LM−B is the body fixed frame to measurement
frame transformation matrix based on IMU alignment
with the body fixed coordinate system, wω and wa

are the wide-band noise vectors from Table I, and
cω =

[
0.0027 0.0041 0.0054

]T is the rate gyro bias
in rad/s suggested by [65].

Euler angle outputs from the numerically modeled
IMU are found using a Kalman filter that merges
3D gyroscope, accelerometer, and magnetometer data.
Hence, constant biases are removed. Therefore, to esti-
mate Euler angle errors, it was suggested by [65] that
numerically modeled rate gyro errors can be converted
to Euler angle rate errors, integrated, and high-pass
filtered before being added to the calculated Euler
angles, instead of simply injecting noise into calculated
attitude states. IMU measured Euler angles, βIMU , are
not directly calculated from the numerical simulation
because the IMU is not required to be co-axial with
the body fixed frame. Therefore, this can be calcu-
lated using the product transformation matrix from
the body to the inertial coordinate system, LI−B , and
the transformation matrix from the measurement to
body coordinate system, LB−M ; LI−M = LI−BLB−M

according to:

βIMU =

 tan−1(LI−M (1,2)
LI−M (1,1) )

sin−1(LI−M (1, 3))

tan−1(LI−M (3,2)
LI−M (3,3) )

 (8)
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TABLE I
SENSOR CHARACTERISTICS FOR SIMULATED OCT.

Sensor Type Unit Noise Power Rate (Hz)

Flow Speed [u,v,w] m/s [1.7/1.7/5.2]e−2 1.0
Rotor Speed rad/s 1e−4 120

Generator Speed rad/s 2e−4 120
Generator Torque Nm 9e−1 120

Pitch Angle deg/◦ 1.5e−3 120
Power Watt 1e+1 120

IMU Acceleration (x/y/z) m/s2 wa =[8.1/8.5/8.5]e−3 100
IMU Rot. Vel. (x/y/z) rad/s wω =[5.5/6.0/5.1]e−3 100

IMU Euler Ang (φ/θ/ψ) rad NA 100

where the numbers in the circle brackets indicate the
utilized transformation matrix components.

Error is then added to the Euler angles of the IMU
measurements according to:

βM = βIMU + FHP (JMwω) (9)

where JM is the transformation matrix from rotation
rate errors (see Table I) in the IMU measurement frame
to the IMU Euler angle rates errors and FHP indicates
that variables are High Pass filtered at periods of 600s
(roll), 600s (pitch), and 789s (heading) as suggested by
[65].

III. FAULT DESCRIPTION

This section describes the faults that have been
integrated into our OCT simulation. These potential
OCT faults are similar to those seen in other renewable
energy sectors, such as tidal and wind energy devices.
According to [66], the three main fault types that occur
in direct drive wind turbines are controller, generator,
and rotor faults. Developing and integrating advanced
control systems for testing a controller is a future
effort and will be left out of this discussion. Therefore,
focus areas are (i) rotor faults, (ii) actuator (including
generator) faults, and (iii) sensor faults.

A. Rotor Faults

Rotor faults are likely to occur in the blades due to
either a pitch (hydrodynamic) offset [46], [48], [52], hy-
drofoil performance degradation, or mass imbalance,
resulting in the dynamic asymmetry and vibrations of
the rotor shaft. For a blade pitch offset fault, the blade
pitch angle of one blade, βe, is offset from the other
blades by βi:

βe = βref − βi (10)

where the desired pitch angle of all blades is βref . To
simulate a blade pitch offset fault an error angle, βe, is
used to replace the default angle.

Hydrofoil performance degradation can occur when
one section of a blade is damaged due to fatigue,
debris, or an extreme load. An example of this is
delamination from the lack of cohesion between com-
posite layers that negatively affect the aerodynamic
properties of a rotor blade [67]. This fault is modeled
by changing the lift (Ci

L) and drag (Ci
D) coefficients

along a section (•i) of a rotor blade, which affects the

calculated values of the axial (Ci
A) and tangential (Ci

A)
force coefficients:

Ci
A = Ci

Lcos(ϕ
i) + Ci

Dsin(ϕ
i)

Ci
T = Ci

Lsin(ϕ
i) + Ci

Dcos(ϕ
i)

(11)

where ϕi is the relative flow angle to the rotor. This in-
duces dynamic axial (f iA) and tangential (f iT ) loadings
on a section of the blade as a function of the respective
water velocities ~V :

f iA =
1

2
ρδriciCi

A((~V
i
A)

2 + (~V i
T )

2)

f iT =
1

2
ρδriciCi

T ((~V
i
A)

2 + (~V i
T )

2)
(12)

where ρ is the density of seawater, δri is the radial
length of a section, and ci is the chord length of a
section.

Mass imbalances arise due to a difference in the
mass of a single rotor blade from the other blades,
with potential causes, including manufacturing defects,
bio-fouling, and water intrusion. This fault creates an
additional gravitational force, F p

g , in the inertial frame
of reference at the location of the fault that rotates with
the blade and an imbalance in the centripetal forces, fpc ,
in the body fixed frame associated with rotor rotation.
The forces are modeled as follows:{

F p
g = mpg

fpc = mpω2
rr

p
(13)

where g is gravity, ωr is the rotor rotational speed in
rad/s, mp is the additional mass added to the rotor
blade, and rp is the radial location of this additional
mass.

B. Actuator Faults

Actuator faults can happen for generator torque, bal-
last pumps, or ballast valves. This can include ”stuck”
actuator cases, where controller feedback no longer
varies the desired actuator value. Stuck actuators can
be modeled by simply eliminating controller feedback,
holding the actuator at its previous state.

Additional generator faults include the undesired
braking of the generator such that its rotation ceases.
Additionally, the electrical load loss will cause the
rotor/generator to spin with a near zero shaft torque.
For the breaking fault, the braking torque, τB , is added
to the electromechanical torque, τEM , until the rotor
ceases to rotate and then the rotor remains at 0 RPM.
For the near zero shaft torque fault, the shaft torque
is simply set to zero, and the rotor rotation rate will
accelerate until a tip speed ratio is obtained where the
hydrodynamic torque is approximately zero.

Likely ballast system failures include valve/tank
leakage resulting in the tank being completely filled
with water, or a ballast pump being stuck, resulting in
a ballast tank being completely emptied of water. For
these faults, the rate of change of a fill fraction is set
to a constant value until FF = 1 for water filling the
tank and FF = 0 when the ballast pump is stuck on,
pumping all water out of the tank.
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C. Sensor Faults
Likely sensors that may subject to faults in the

OCT system include water velocity, generator speed,
generator power, pitch angle, and IMU. The error in
the water velocity sensor can happen due to data loss
as well as scale error. Also, both generator speed and
generator power sensors suffer from scale error. On
the other hand, pitch angle sensor faults occur when
the sensor shows a constant pitch angle. Finally, the
IMU fault occurs due to an offset on accelerometers or
heading measurements.

IV. OCT PREDICTED PERFORMANCE

To help quantify buoyancy controlled OCT perfor-
mance, numerical simulations are conducted for a va-
riety of conditions. OCT operating range is predicted
for different flow conditions, system response to both
an actuator and rotor faults are evaluated, and system
performances in measured open ocean currents are
quantified.

A. OCT Operating Range Assessment
The operating range of OCTs will be important for

operating in the most energy dense resources, oper-
ating beneath surface waves in storm conditions, and
surfacing for maintenance. Therefore, we quantify OCT
operating range for two simplistic flow conditions, a
homogeneous flow field and a current that linearly
decreases with depth (i.e., shear flow), each matched
with two operating scenarios. These operating scenar-
ios include maximizing/minimizing depth regardless
of OCT pitch angle and maximizing/minimizing depth
with an OCT pitch angle near 0◦. Hence, the simulation
results of the resulting four cases are presented:
Homogeneous flow without pitch control: For this
case, numerical simulations were conducted for four
different homogeneous flow speeds, 0.5, 1.0, 1.5, 2.0,
and 2.5 m/s, with both ballast tanks filled with water,
FFs = 0.0. Then both ballast tanks were filled with
air, FFs = 1.0, quantify the achievable operating
range. Resulting equilibrium states, including altitude
(negative depth −Z), pitch angle θ, and roll angle
φ, are presented in Fig. 4 (a) as a function of flow
speed. Results show that this OCT can reach the sea
surface (Z ≈ 15 m) for flow speeds below 2.2 m/s,
and Z = 38 m for a flow speed of 2.5 m/s when
FFs = 1.0. It is noted that achieved altitudes/depths
for flow speeds less than about 2.2 m/s result in the
turbine operating partially or fully out of the water as
the air/sea interface is not modeled. However, these
results are relevant to OCTs deployed in deeper water
and, therefore, are included. Results also show that
maximum depths between Z = 90 to 329 m can be
achieved for these flow speeds. Results also show OCT
roll angles range between 0.03◦ to 1.29◦, and pitch
angles range between −5.11◦ to 9.45◦, with the larger
pitch angles achieved at deeper depths.
Shear flow without pitch control: In this scenario,
numerical simulations were conducted for sea surface
flow speeds of 0.5, 1.0, 1.5, 2.0, and 2.5 m/s, assuming
the flow decreases linearly with depth to a flow speed
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Fig. 4. Operating range assessment for (a) homogeneous flow
speeds, (b) shear flow speeds, (c) homogeneous flow speeds ensuring
the pitch angle is driven towards zero, and (d) shear flow speed
ensuring the pitch angle is driven towards zero.

of 0.0 m/s at the seafloor [68], which is located 325m
below the sea surface. Resulting equilibrium states,
including altitude (negative depth −Z), pitch angle θ,
and roll angle φ, are presented in Fig. 4 (b) as a function
of sea surface flow speed. Results show that this OCT
can reach the sea surface (Z ≈ 15 m) for a flow
speeds below 2.2 m/s, and Z = 27 m for a flow speed
of 2.5 m/s. These results also show that maximum
depths between Z = 43 to 216 m can be achieved
for these flow speeds, more than 100m shallower than
for a homogeneous flow. For these results, OCT roll
angles are between 0.03◦ to 0.72◦, and pitch angles
range between −4.56◦ to 4.66◦, with larger pitch angles
achieved at deeper depths.
Homogeneous flow with pitch control: This case
quantifies the OCT’s operating range while the pitch
angle, θ, remains near 0◦ (i.e., ±0.5◦), as rotor align-
ment with the flow increases power production and
reduces cyclic loads. Obtained equilibrium states, in-
cluding −Z and φ are presented for the homogeneous
flow in Fig. 4 (c). The lowest position is found by
setting one FF equal to zero (i.e., tank filled with
water) and using a controller to change the other FF
and drive θ towards 0◦. Similarly, the highest position
is found by setting one FF equal to one (i.e., tank
filled with air) and using a controller to modify the
other FF such that drive θ towards 0◦. Results show
that this OCT can only operate beneath the sea surface
with zero pitch for flow speeds above 1.2 m/s, and
cannot reach the sea surface for flow speeds above
1.9 m/s. Additionally, a depth of 50 m can only be
achieved with zero pitch for flow speeds between 1.3
and 2.3 m/s. Therefore, outside of this range, a finite
pitch is necessary for operation at this depth with the
current OCT configuration.
Shear flow with pitch control: This case quantifies
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Fig. 5. Time histories of the OCT’s equilibrium states, i.e., angular
speed ω, pitch angle θ, and vertical position Z before and after rotor
stop at T ime = 3000.

the OCT’s operating range in the previously described
shear flow (see ”Shear flow without pitch control”
case) where the pitch angle remains near 0◦ (see ”Ho-
mogeneous flow with pitch control” case). Obtained
equilibrium states, including −Z and φ are presented
for the homogeneous flow in Fig. 4 (d). Results show
this OCT can only operate beneath the sea surface with
zero pitch for flow speeds above 1.3m/s, and cannot
reach the sea surface for flow speeds above 2.1m/s.
Additionally, a depth of 50m can only be achieved
with zero pitch for flow speeds between about 1.7 and
2.6m/s. Therefore, outside of this range, a finite pitch is
necessary for operation at this depth with the current
OCT configuration.

B. Actuator Fault Response: Rotor Braking

The actuator fault scenario of “rotor braking” is
presented in this section, which is also a necessary sce-
nario for OCT deployment/retrieval. System response
is very dynamic as total system drag decreases by
more than 50%. For this analysis, the OCT initially
operates at a depth of 50 m in shear flow with a
surface speed of 1.6 m/s. Rotor rotation, ω, is rapidly
stopped at t = 3000s, and the resulting OCT pitch
angle, θ, and vertical position, −Z, are presented in
Fig. 5, along with the corresponding values if braking
is not applied. Presented results show that θ remains
within 1◦, as well as changes in both roll, φ, and
yaw, ψ (not shown). Moreover, the OCT moves rapidly
upwards, hitting the ocean surface in 100 s. Ignoring
sea surface effects, these results show a net 80 m
upward OCT displacement, a result relevant to deeper
deployment locations. This response can eventually be
compensated by adding water to the ballast tanks.
However, the ballast process of an OCT will likely
occur much more slowly than the response to rotor
braking (22 minutes estimated earlier in this paper for a
complete ballast). Therefore rotor braking implications
should be carefully considered when planning OCT
operations.
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Fig. 6. Time histories of the OCT’s equilibrium states, i.e., shaft
power, pitch angle θ, and vertical position Z before and after pitch
fault at T ime = 2000 at the turbulence intensity of 10 %.

C. Rotor Fault Response: Blade Pitch Fault
The impacts of blade pitch imbalance faults are

highlighted in this section. For this analysis, the OCT
initially operates at a depth of 50 m with a linear shear
from a speed of 1.6 m/s at the surface to 0.0 m/s at the
sea floor. A pitch imbalance of 4◦ occurs at t = 2000s
for the “fault” case. Two different turbulence intensities
are considered, 0 % to highlight fault signature details
and 10 % to highlight how ambient turbulence masks
faults signatures. Time histories are shown with and
without faults in Fig. 6 for a turbulence intensity
of 10%. This figure shows that the shaft power has
minimal perceivable deviations in the time domain,
while pitch angle deviations are more easily visible.
However, these deviations are relatively small with
all Euler angles (i.e., pitch angle, roll angle, and yaw
angle), remaining within 1◦ for all cases. Additionally,
the OCT moves 15 m upward after the blade pitch
fault.

The effects of the blade pitch fault are presented in
the frequency domain for pitch, θ, and shaft power
(Fig. 7). Normalized pitch angle θ (Fig. 7 (a)) and
normalized shaft power (Fig. 7 (b)) spectra for non-
turbulent water show spikes at multiples of the rotor
angular speed, i.e., 1P and 2P, and these spikes are even
more visible for shaft power. On the other hand, the fre-
quency response of the normalized pitch angle θ (Fig.
7 (c)) and normalized shaft power (Fig. 7 (d)) spectra
are only easily distinguishable at the 1P frequency.

D. OCT Operating in an Oceanic Environment
OCT operations in measured oceanic environments

are investigated. Simulations are run for a “normal”
condition (Fig. 8) and two “hurricane” conditions (Figs.
9 and 10). October 1st, 2017 represents a “normal” con-
dition for this region with a mean flow speed over the
simulated time-frame of 1.19 m/s at a depth of 75 m.
September 11th, 2017 is the date that Hurricane Irma
passed through the Florida Keys, resulting in a much
higher than normal flow speed in the measurement
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Fig. 7. Frequency domain of the pitch fault of 4◦ for (a) normalized
pitch angle (θ) without turbulence, (b) normalized shaft power
without turbulence, (c) normalized pitch angle (θ) at the turbulence
intensity of 10 %, and (d) normalized shaft power at the turbulence
intensity of 10 %.

area [60] (mean flow speed of 2.0873 m/s for a depth
of 75 m over the simulated time-frame). September
25th, 2017, had a low current event that was likely
associated with Hurricane Irma, as suggested by [60],
and/or a counter-clockwise eddy that traveled along
the western edge of the Gulf Stream (mean current
speed for a depth of 75 m of 0.87 m/s over the
simulated time-frame). Wave conditions for these dates
are modeled based on the National Oceanic and Atmo-
spheric Administration (NOAA) wave buoy recorded
wave heights and direction in the Fort Pierce, Florida
[69]. For the October 1st, 2017, the significant wave
height and direction are 0.8 m and 60◦, respectively. For
the September 11th, 2017, the significant wave height
is 5.0 m and direction is 90◦, while on September 25th,
2017, the significant wave height and direction are
2.0 m and 80◦, respectively.

For these simulations, a low gain PI controller sets
OCT ballast tank fill levels based on depth error such
that a depth near 75 m is maintained,

FFs = GP ∗ (Z − 75) +GI ∗
∫ t

0

(Z − 75)dt (14)

where GP is the proportional gain and GI is the
integral gain. This also allows for an estimate of the
ballast pump power required to maintain depth using
equations (2) and (3). Presented results show that the
depth remains within 75 ± 35m for both normal and
hurricane conditions. Position and power signals in all
cases have perturbations at frequencies around 0.0036
Hz (periods around 4.6 minutes) that are likely related
minimally damped position states being excited by
low-frequency turbulence perturbations. The stability
of moored ocean current turbines is discussed in detail
in [58], and these oscillations can be dampened through
active control.

The resulting location and power (both harnessed
and utilized by ballast pumps) during the “normal”
conditions measured on October 1st are presented in
Fig. 8. Over the simulated 13 hours of operation flow
speeds ranged between 1.06 m/s and 1.34 m/s at a
depth of 75 m, with the flow direction at this depth
remaining between 4.29◦ and 14.20◦. The calculated
mean produced power of the OCT is 0.17 MW, where
the mean ballast power to maintain the depth is
0.02 MW (i.e., 11.76% of mean produced power). The
OCT’s east position with respect to the anchor point, Y ,
changes between 41.71 m and 114.05 m, and its depth,
Z, remains within 70.86 m and 93.13 m below the sea
surface. Moreover, the results show that pitch, θ, roll, φ,
and yaw, ψ, deviations remain within ranges of 2.04◦,
1.66◦, and 16.80◦, respectively (not shown).

For the hurricane condition on September 11, 2017
results are shown in Fig. 9. Over the simulated 14 hours
of operation, the flow speeds change within a wider
range of 1.85 m/s and 2.32 m/s at a depth of 75 m,
with flow directions between 2.99◦ and 17.46◦ at this
depth. The mean produced power of the OCT increases
to 1.06 MW due to higher flow speeds, where the mean
ballast power is 0.027 MW (i.e., 2.5% of mean produced
power). It is noted that this produced power is above
the ”rated” power of 700 kW mentioned previously for
this design. Therefore, either power regulation control
such as pitch control or active depth control should be
used to keep produced electric power at or below rated
power. The OCT moves within 32.62 m and 167.53 m in
the east position, Y , and its depth, Z, ranges between
68.33 m and 110.07 m. Further, the results show that
pitch, θ, roll, φ, and yaw, ψ, remain within ranges of
4.55◦, 3.50◦, and 19.6◦, respectively (not shown).

For the low current case found on September 25th,
2017, results are presented in Fig. 10. Over the sim-
ulated 11 hours, flow speeds change within 0.3511
m/s and 1.6426 m/s at a depth of 75 m, with the
flow direction at this depth ranging between −32.57◦

and 46.92◦. Mean produced OCT power decreases to
0.039 MW due to lower flow speeds, while the mean
ballast power increases to 0.018 MW (i.e., 46.15% of
mean produced power). The OCT moves within a wide
range of -234.30 m and 316.59 m in the east direction, Y ,
due to the large changes in flow direction and its depth,
Z, ranges between 66.87 m and 85.16 m. It is noted
that the OCT hit the sea surface for this case when
the current design was used, even when both ballast
tanks were completely filled with water. Therefore, the
ballast fill levels were allowed to go slightly negative
(i.e., the turbine became slightly less buoyant than
when both tanks are filled with water) when running
this simulation to keep the turbine below the sea
surface. Further, the results show that pitch, θ, roll, φ,
and yaw, ψ, remain within ranges of 1.69◦, 1.85◦, and
74.97◦, respectively (not shown).

V. CONCLUSIONS

A complete dynamics simulation for a buoyancy
controlled OCT system was presented, including a tur-
bine, cable, inflow, actuator (i.e., generator and variable
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Fig. 8. Normal condition (October 1, 2017): time histories of the
OCT’s states, i.e., Euler angle, location-NED, and power.
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Fig. 9. Hurricane condition (September 11, 2017): time histories of
the OCT’s states, i.e., Euler angle, location-NED, and power.

buoyancy), and sensor models. Probable OCT faults
were integrated into this simulation, including rotor,
actuator, and sensor faults. Simulations were run for
several different cases, including different simplified
flow conditions, both actuator and rotor faults, and
system performances in measured open ocean currents.
We showed that the OCT can operate between depths
of 38 m to 90 m for all homogeneous flow speeds
between 0.5 and 2.5 m/s, and depths of 27 m to
43 m when the flow decreased linearly with depth
from these flow speeds to 0.0 m/s at the sea floor.
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Fig. 10. Hurricane condition (September 25, 2017): time histories of
the OCT’s states, i.e., Euler angle, location-NED, and power.

Moreover, performance results were presented for both
normal and hurricane conditions where the operating
depths remained within 75 m±35 m by using a PI
controller. Future work will focus on flight and gen-
erator control for the buoyancy controlled OCT and
the development of a hierarchical control architecture
such as a spatiotemporal optimization to maximize
harnessed power from the overall OCT system. Control
methodologies should also be developed to integrate
the harnessed power from the buoyancy controlled
OCT into power grids using energy storage and power
converters.
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