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Abstract: This study proposes the design of a tidal turbine station keeping system based on the
adoption of a tensioned mooring system. Damping is introduced to investigate its effect on the
reduction in the peak load experienced by tidal turbines during their operational lives in high-energy
wave–current environments. A neutrally buoyant turbine is supported using a tensioned cable-based
mooring system, where tension is introduced using a buoy fully submersed in water. The loads on the
turbine rotor blades and buoy are calculated using a wave and current-coupled model. A modelling
algorithm is proposed based on inverted pendulums, which respond to various sea state conditions,
to study the behaviour of the system as well as the loads on blades. The results indicate that the
tensioned mooring system reduces the peak thrust on the turbine and validates the applicability of
the model.

Keywords: tidal turbine; modelling; mooring system; blade loading; wave–current interaction

1. Introduction

Tidal-stream energy can contribute significantly to global renewable energy generation,
and the UK has an estimated 10–15% of the global harvestable tidal resources [1]. Tidal
stream turbine (TST) technology has developed to a stage where first large-scale commercial
facilities are being deployed. For example, the MeyGen project, which has exported 17 GWh
to the grid as of June 2019 [2], is proving to be a reliable and economically viable renewable
energy source. However, the durability of such projects is a complicated subject because
the loads on TSTs vary widely owing to the unsteady marine environment. Therefore, it is
challenging to achieve 10–25 year fatigue lives for turbine. There are six main types of tidal
energy convertors (TEC), namely, horizontal axis turbine, vertical axis turbine, oscillating
hydrofoil, enclosed tips (venturi), archimedes screw, and tidal kite [3].

The design of tidal turbine station keeping systems varies based on the turbine ar-
chitecture being considered and the method of attachment to the seabed being employed.
At present, gravity-based structures, drilled monopiles, and drilled pin pile tripods are
three widely used support structures for tidal turbines. To make tidal current generation
commercially competitive with the traditional types of energy, the industry must focus
on reducing the cost of generation of the tidal-stream energy. Two main cost factors that
must be targeted are the installation and maintenance of the equipment. Therefore, flexible
mooring-based systems are being used for the station keeping of floating tidal turbines,
such as CoRMaT [4] and Minesto ‘Tidal Kite’.

Modelling methods to investigate the dynamics of a tensioned mooring-based turbine
have been discussed in this paper. The analysis and control of the marine mooring and
cable system are presented in [5], where the method is used to solve the dynamics of the
ship and offshore platform mooring system. Mooring systems from the offshore oil and
gas and ship industry have been developed and applied to design some wave energy
converters [6,7]. Research shows that the single point mooring system is suggested to
be applied in large dimension wave energy converters owing to the ability to minimise
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environmental loads [8]. However these approaches are applied generally to mooring lines
that are not fully tensioned and connected to a floating structure on the surface of water.

A submerged floating tidal current hydrokinetic turbine system named GEMSTAR
was presented by [9]. GEMSTAR is a project developed at the the University of Naples and
the first prototype has been tested in the towing tank. It reports that problems may arise in
the design of the mooring system and structural optimization, as a consequence of the high
loads due to turbine thrust and required buoyancy. However, the methods to calculate the
thrust, torque, the buoyancy and other dynamic characteristics of the tensioned mooring
turbine have not been investigated so far. The objective of this research is to build up a
numerical model to simulate these characteristics of the tensioned mooring turbine.

In this paper, the system is assumed to be an inelastic mooring, and it is modelled
based on an inverted pendulum system. A coupled pendulum with an external drive is
expected to experience complicated dynamics. The existence of irregular vibrations and
both periodic and chaotic trajectories of a mathematical double pendulum system is proven
in [10]. The stabilisation of the inverted pendulum, which is a highly nonlinear system,
has been studied extensively for control education and research purposes. However,
the moored turbine system is a quasi-dynamic system owing to the external forces. The
external forces such as loading on the turbine rotor blades and buoy are calculated using a
wave coupled blade element momentum theory (BEMT). The code was developed at the
University of Strathclyde to analyse the loading occurring on a turbine rotor-drive train
when operating in energetic wave–current flow conditions [11].

2. Methodology

The focus of this study is to present a methodology to assess the behaviour of a
neutrally buoyant turbine supported from a tensioned cable-based mooring system, where
tension is introduced using a buoy working as a damper and fully submersed in water.
The schematic of the system in operation is depicted in Figure 1.

Figure 1. Schematic of tensioned mooring turbine in operation.

In order to solve the dynamics of the tensioned mooring turbine in a wave–current
coupled environment efficiently. The tensioned mooring system is modelled as a special
type of triple pendulum, called an inverted flail. It consists of three pendulums: the first
one is attached to a fixed point considered to be an anchor and to its end mass; the other
two pendulums are joined. An original flail system without the external drive and gravity
field is depicted in Figure 2. This system was analysed in [12].
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Figure 2. Geometry of flail pendulum.

Unlike the original flail system, the tensioned mooring supported turbine is driven
by external forces as the loads on the turbine and buoy. A wave–current coupled BEMT
was utilised to calculate the loads on the turbine rotor blades. The code was developed at
the University of Strathclyde to analyse the loading on a turbine rotor-drive train when
operating in energetic wave–current flow conditions [13]. In addition, owing to the turbine
being able to move and respond to the moving flow field generated by the waves, the
resulting motions due to flow field interactions must be taken into consideration. By
coupling the tensioned mooring system with the forces obtained from BEMT as the external
drive forces in wave–current environments, it is efficient to calculate the dynamics of the
turbine and mooring lines together at each time step in a long simulation window.

2.1. Model of Mooring Supported Turbine

The mooring lines are assumed to continuously be in tension during operation. There-
fore, this system can be modelled as an inverted flail pendulum in order to calculate its
dynamics; Figure 3 provides the model for the three elements in flail pendulum. Equations
of motion of the pendulum system can be derived using the following Lagrange’s equation:

d
dt

(
∂L
∂θ̇i

)
− ∂L

∂θi
= Qi, (1)

where L = T − V is defined as the Lagrangian of the system, T is the kinetic energy and V
the potential energy of system.
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Figure 3. Multi-pendulum system with a finite number of rods and masses.

When an external force function Qi is not considered, then the point of anchor is
chosen, which is suspension of the first pendulum as the origin, and angles are measured
from the vertical line; as shown in Figure 3, the Lagrangian of the system can be written as:

L =
1
2
(m1 + m2 + m3)l2

1 θ̇2
1 +

1
2

m2l2
2 θ̇2

2 +
1
2

m3l2
3 θ̇2

3

+m2l1l2θ̇1θ̇2cos(θ1 − θ2) + m3l1l3θ̇1θ̇3cos(θ1 − θ3)

+(m1 + m2 + m3)gl1cosθ1 + m2gl2cosθ2 + m3gl3cosθ3, (2)

where m1 is the lumped mass of three mooring lines at the connection node, m2 represents
the mass of buoy, m3 represents the mass of the turbine. l1, l2 and l3 are the length of each
segment. θ1, θ2 and θ3 are generalised coordinates as shown in Figure 3.

It is assumed that the turbine and the buoy are neutrally buoyant, so the potential
energy terms in Equation (2) can be eliminated. The new Lagrangian of the system becomes:

L =
1
2
(m1 + m2 + m3)l2

1 θ̇2
1 +

1
2

m2l2
2 θ̇2

2

+m2l1l2θ̇1θ̇2cos(θ1 − θ2)

+
1
2

m3l2
3 θ̇2

3 + m3l1l3θ̇1θ̇3cos(θ1 − θ3). (3)

Substituting Equation (3) into Equation (1) yields the Euler–Lagrange differential
equations of the system:

(m1 + m2 + m3)l2
1 θ̈1 + m2l1l2θ̈2cos(θ1 − θ2)

−m2l1l2θ̇2
2sin(θ1 − θ2) + m3l1l3θ̈3cos(θ1 − θ3)

−m3l1l3θ̇2
3sin(θ1 − θ3) = Q1 (4)
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m2l2
2 θ̈2 + m2l1l2θ̈1cos(θ1 − θ2)

−m2l1l2θ̇2
1sin(θ1 − θ2) = Q2 (5)

m3l2
3 θ̈3 + m3l1l3θ̈1cos(θ1 − θ3)

−m3l1l3θ̇2
1sin(θ1 − θ3) = Q3, (6)

where Q1, Q2 and Q3 are now generalised moments with respect to θ1, θ2 and θ3. In this
case, Q3 equates to the momentum thrust develop by a turbine loading, where this is
operating under combined wave and currents conditions. Q2 relates to the buoyant forces
occurring on the floater, which are considered in the form of buoyancy and wave excitation
forces. Q1 will be obtained from the relationship between Q2 and Q3. According to Anli
and Ohlhoff [14,15], the generalised force can be obtained as:

Qk =
n

∑
i=1

Fi
∂ri
∂qk

, (7)

where Qk is the Generalised force associated with the kth Euler-Lagrange differential
equation, Fi is the external force, ri is the position of the point of application and qk is the
generalised coordinate.

Thus, substituting Equation (7) to the generalised coordinates with respect to θ1, θ2
and θ3, the generalised moments for this system are given as:

Q1 = F3l1cosθ1 − F2bl1sinθ1 + F2l1cosθ1 (8)

Q2 = F2l2cosθ2 − F2bl2sinθ2 (9)

Q3 = F3l3cosθ3. (10)

When the generalized moments are obtained, the Euler–Lagrange differential equations
of the system can be solved with given initial conditions. Substituting Equations (8)–(10)
into Equations (4)–(6) then dividing by l1, l2 and l3 yields:

(m1 + m2 + m3)l1θ̈1 + m2l2θ̈2cos(θ1 − θ2)

−m2l2θ̇2
2sin(θ1 − θ2) + m3l3θ̈3cos(θ1 − θ3)

−m3l3θ̇2
3sin(θ1 − θ3)

= F3cosθ1 − F2bsinθ1 + F2cosθ1 (11)

m2l2θ̈2 + m2l1θ̈1cos(θ1 − θ2)

−m2l1θ̇2
1sin(θ1 − θ2)

= F2cosθ2 − F2bsinθ2 (12)

m3l3θ̈3 + m3l1θ̈1cos(θ1 − θ3)

−m3l1θ̇2
1sin(θ1 − θ3)

= F3cosθ3. (13)

The external forces on the buoy and turbine are depicted in Figure 4. In this paper, the
wave excitation forces on the turbine are assumed to be ignored.
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Figure 4. Forces on the system.

Wave excitation is considered to be a factor of the system. The buoy will be excited by
the wave at a different magnitude based on its shape. The wave excitation in two directions
can be defined as the exciting force and drift force, based Wu [16]. The thrust on the turbine
can be obtained using an ESRU in-house BEMT code [11]. Modifications have been made
in the original code owing to the relative velocity between the turbine and inflows:

U = u − UT, (14)

where u is the inflow velocity, which is calculated using the wave–current interaction
model; UT is the inertia velocity of the turbine, which is the velocity generated by the
motions of turbine in waves. It can be calculated in vertical and horizontal directions as:

UT =
∂

∂∆t
(Xit

turbine − Xit−1
turbine), (15)

where it is time step count number, Xturbine is the turbine position and ∆t is the time
difference. The buoy is assumed to be spherical. The drag force is also calculated from the
BEMT code. The relative velocity between the buoy and inflows must be considered:

V = u − UB. (16)

u can be calculated using the wave–current model based on the coordinates of the buoy.
UB is the inertia velocity of the buoy:

UB =
∂

∂∆t
(Xit

buoy − Xit−1
buoy). (17)

2.2. Flow Diagram

The original in-house BEMT code for wave–current environments is based on a rigid
supported turbine, where the position of the turbine does not change with time. However,
the coordinates of the mooring supported turbine are variable with time and the relative
velocity must be calculated using the relative motion between the turbine and wave–current
inflow. Figure 5 depicts the main process of the simulation. The process nodes with the dark
background are works based on this study, which are different from the original BEMT.
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Figure 5. Solution process.

There are some variable input parameters that can be defined by users for different
mooring turbine devices. The state of motion for the system in the first time step is defined
by the initial conditions. The loads on each mooring element and buoy are obtained
as the external forces, whereas the load on the turbine is calculated using the BEMT
code while modifying the relative velocity. After the external forces are determined, the
governing equation for the “flail” system with a finite number of segments can be solved
by an ordinary differential equations solver to obtain the new state of motion of the
system. The new values are used as the initial conditions for the next time step until the
simulation culminates.

For the wave–current model module, calculations of the horizontal and vertical particle
velocities are related to the horizontal and vertical coordinates of the turbine in different
wave theories. The coordinates of the turbine and buoy hinge nodes are xturbine, yturbine,
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xbuoy and ybuoy. Because the vertical particle velocities are varied along blades, the blade
element coordinates are:

xelement = xturbine + helementcosφ (18)

yelement = yturbine + helementsinφ, (19)

where helement is the element position on the blade and φ is the pitch angle of the turbine.
Assume that the turbine is nearly horizontal during the operation and the pitch angle is
0 degree. The element coordinates become:

xelement = xturbine (20)

yelement = yturbine + helement. (21)

Next, substitute these coordinates into wave models. Then, this module is modified to
work for the mooring supported turbine.

The relative velocity modification of the inflow velocity must be considered in not
only the BEMT equation but also the dynamic wake model and Morison equation.

Based on the methodology adopted, the dynamic inflow affects the BEMT model [17–19].
On a blade element bounded by radii R1 and R2 as shown in Figure 6, the momentum
thrust equation depends on the time derivative of axial induction factor ȧ as:

dFA = 2uaṁ + umA ȧ, (22)

where ṁ is the mass flow through the intersecting fluid annulus, a is the axial induction
factor, and mA is the apparent mass of the blade section.

Figure 6. Blade element bounded by radii R1 and R2.

The mass flow through the annular element can be calculated as:

ṁ = ρu(1 − a)dA, (23)

where ρ is the density of water and dA = π(R2
2 − R2

1).
For a turbine of radius R, Tuckerman [20] suggests that the apparent mass acting on

the rotor can be approximated by an enclosing fluid ellipsoid, which can be expressed,
through the use of potential flow theory, as:
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mA = 8/3ρR3. (24)

Substituting Equations (23) and (24) into Equation (22) and dividing each term by π,
ρ, u, and dA and multiplying by 2, then replacing the in flow velocity with the relative
velocity Ux which is the horizontal component of relative velocity U. The final form of the
unsteady thrust coefficient for an annulus can be obtained as:

CFA = 4a(1 − a) +
16

3πUx

(R3
2 − R3

1)

(R2
2 − R2

1)
ȧ. (25)

Substituting thrust coefficient CT = 4a(1 − a) into Equation (25) gives:

CFA = CT +
16

3πUx

(R3
2 − R3

1)

(R2
2 − R2

1)
ȧ. (26)

The last term on the right-hand side of Equation (26) can be used to calculate the
additional force from the dynamic wake effects.

The inertial force caused by fluid acceleration, which is the added mass around a
rotating blade section can be expressed as Morison equation, as presented by Buckland [21]
and Chapman [22]. The inertial force per unit length, dl in the wave propagation direction
on a submerged body can be calculated as:

dFin = ρCm A
∂u
∂t

dl, (27)

where A is the cross horizontal sectional area parallel to the flow and Cm is the inertia
coefficient, which is expressed as:

CM = 1 + CA = 1 +
MA

ρAdl
, (28)

where MA is the added mass for a blade element.
For blade elements, the added mass in axial and tangential directions can be approxi-

mated with that of a fixed pitched plate as per Theodorsen’s theory [23]:

MA,axial = ρπ(
csinβ

2
)2dl (29)

MA,tan = ρπ(
ccosβ

2
)2dl, (30)

which are the masses of the enclosing fluid cylinders with radii r of half the vertical and
horizontal chord components c of the respective blade sections with section angle β [24].

Substituting Equations (28)–(30) into Equation (27) and plugging the components of
relative velocity U into the equation gives the equations for the inertia forces in the axial
and tangential directions for a blade element as:

dFin,axial = ρ(1 +
π((csinβ)/2)2

Aα
)Aα

∂Ux

∂t
dr (31)

dFin,tan = ρ(1 +
π((ccosβ)/2)2

Aα
)Aα

∂Uy

∂t
dr, (32)

where Aα is the cross-sectional area of the airfoil at the blade section.
When the external forces based on the initial conditions for the first time step are

calculated using the BEMT equations with the wave–current model, dynamic wake model,
and Morison equations, the system Lagrange equation solver begins to solve the differential
equations of motion for the mooring supported turbine. Next, the new values and angular
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velocities θ̇i for each segment are obtained to serve as the new initial conditions for the next
time step. This loop continues until the time step reaches the end time of the simulation.

3. Initial Conditions and System Parameters

This study focuses primarily on external forces, which are buoyancy and wave–current-
coupled forces. Sea states with regular and irregular waves were investigated. The wave
data were collected by the UK Offshore Operators Association and were provided by
British Oceanographic Data Center [25]. In this study, parameters of a 1 MW turbine and
mooring system were applied to deep water. Parameters given below were fixed to control
the number of variables. The material for the mooring line was chosen to be Dyneema,
whose density is close to that of water. There were three sets of system parameters in each
model, two of them were Dyneema mooring and one was steel mooring.

3.1. Initial Conditions

For the proposed model, it is necessary to define the initial condition for all segments,
as listed in Table 1.

Table 1. Initial conditions for proposed model.

Initial Conditions

θ1 = π
4 θ2 = 0 θ3 = π

2
θ̇1 = 0 θ̇2 = 0 θ̇3 = 0

All angle values in Table 1 are in radian. The initial angles are set for every segment to
represent an untensioned mooring line. This method can be applied to a general mooring
system as well. The parameters for the turbine, buoy, and mooring line are shown in
Table 2; the turbine diameter was set to be the same as that of the SIMEC Atlantis Energy
tidal turbine AR2000 [26] and the weight was half of its weight. The definitions of l1, l2
and l3 are shown in Figure 2.

Table 2. The parameters of the turbine, buoy and mooring line.

System Parameters

mbuoy 5 t rotor rotation speed 1.25 rad/s
mturbine 80 t airfoil profile NRELs814 [27]

l1 30 m number of blade 3

l2 15 m mooring line
segment length 0.5 m

l3 3 m mooring line material Dyneema
buoy radius 3 m number of blade element 20

3.2. Sea States

Table 3 lists the sea states investigated in the simulations to obtain the thrust and
torque on the turbine. Steep and swell waves are investigated, comparing how wave
excitation on the buoy affects the load on the turbine. The assumed hypothetical site for the
generic turbine was chosen off the north east coast of the Orkney islands, Scotland. This
site provided a flow speed of approximately 2.5 [m/s] and an average depth of 50 [m] [28].
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Table 3. Sea states.

Sea States 1 2 3 Harsh Winter

Hs [m] 2.665 1.07 1.008 10.12
Tz [s] 6.135 11.07 4.653 10.06

water depth [m] 50 50 50 50

steepness (H/gT) 0.0719 0.0099 0.0237 0.1027
wave model 3rd-order linear 2nd-order 3rd-order

A 3 min window of 0.1 [s] time step was simulated for each sea states.

4. Results

Firstly, the results with and without wave excitation on the buoy are compared in the
same sea states. In sea state 1, a three-step approximate wave–current interaction model
was applied in this simulation because its steepness was larger than 0.02 [29]. However,
the hub height dropped to approximately 22.5 [m] during the operation compared with
the original height, which was set at 30 [m] from the seabed. Therefore, the hub height for
the rigid supported turbine was set equal to that of the mooring supported one. Figure 7
exhibits the result in sea state 1. These results indicate that the mooring supported turbine
can more effectively reduce the peak thrust on the turbine when compared with the rigid
supported turbine. Furthermore, the results from considering wave excitation on the buoy
indicate a different waveform without wave excitation. The mean values of the three curves
are close: 1.019 [MN] for the rigid supported turbine, 1.019 [MN] for that without wave
excitation on the buoy, and 1.016 [MN] for that with wave excitation on the buoy. However,
the standard deviation of the thrust on the mooring supported turbine considering wave
excitation on the buoy is 28.23 [kN] and that without wave excitation is 16.90 [kN], which
are 69.69% and 41.73% of that on the rigid structure value of 40.50 [kN].

The results for torque indicate a different trend compared with that of the thrust.
Torques on the mooring-supported turbine with and without wave excitation on the buoy
both have more fluctuations than that of the rigid supported turbine. However, the mean
values are similar, that is, 364.91 [kN·m], 364.66 [kN·m], and 361.98 [kN·m] for rigid,
without, and with, wave excitation on the buoy, respectively. The respective standard
deviations are 18.19 [kN·m], 87.14 [kN·m], and 83.41 [kN·m]. This is because of modifying
the relative velocity in the vertical direction, which is discussed later in this section.

Figure 8 exhibits the result for the turbines operating in sea state 2. It shows a
favorable performance in the reduction of peak loading both in thrust and torque and the
wave excitation on the buoy provides a positive effect in load reduction. The reason is that
the buoy will oscillate more regularly in the wave with long wave periods. In this sea state,
the mean values of thrust are 1.260 [MN], 1.265 [MN] and 1.265 [MN] for rigid supported
turbine, mooring turbine without and with wave excitation on a buoy, respectively. The
standard deviations are 47.35 [kN], 11.59 [kN] (24.5% of 47.35 [kN]) and 6.56 [kN] (13.9%
of 47.35 [kN]) separately. The average torque values are 694.47 [kN·m], 699.92 [kN·m] and
699.06 [kN·m] and the standard deviations are 58.19 [kN·m], 24.98 [kN·m] and 20.86 [kN·m].
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Figure 7. Thrust and torque in sea state 2.
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Figure 8. Thrust and torque in sea state 2.

In sea state 3, the performance of the system is different from all the sea states discussed
so far as shown in Figure 9. The peak loading of thrust as a result of wave excitation on
the buoy is larger when compared with the rigid supported turbine. The mean values
of the thrust are 1.045 [MN], 1.044 [MN], and 1.040 [MN] for rigid supported turbine,
mooring supported turbine without and with wave excitation on the buoy. The respective
standard deviations are 5.82 [kN], 6.28 [kN] and 13.43 [kN]. The respective average torque
values are 396.44 [kN·m], 394.84 [kN·m], and 390.25 [kN·m] and the standard deviations
are 169.08 [kN·m], 20.73 [kN·m], and 35.48 [kN·m].
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Figure 9. Thrust and torque in sea state 3.

The results for harsh winter conditions (the extreme storm sea state in the North Sea)
are presented in Figure 10. The peak loading reduction in the thrust is similar to that in
sea state 2. The mean values are 930.03 [kN], 897.42 [kN], and 894.36 [kN], respectively.
The respective standard deviations are 390.80 [kN], 86.67 [kN] (22.2%), and 37.57 [kN]
(9.6%). However, the torque has negative values, which indicate that the directions of
the torque have reversed. In reality, this means that the turbine will be stalled due to
displacement being significantly large enough for the velocities on blade elements to
change (see Figure 11).
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Figure 10. Thrust and torque in harsh winter.
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Figure 11. Inflow velocity vectors on blade sections in harsh winter.

5. Discussion

The thrust loading reduction in four listed sea states are favorable especially in the
linear wave, but the reduction of torque on the rotor is not as satisfactory as the thrust;
some findings are given in this section to discuss the noteworthy torque fluctuation.

5.1. Blade Section Velocities

In harsh winter sea states, the turbine moves heavily along the wave in the wave
trough. The inertial velocity of the turbine, UT, is coupled with the wave–current velocity
field and transferred to the local rotating blade coordinate system [24]. Two velocities, U1
and U1y, are obtained to modify the horizontal inflow and the apparent rotational inflow
speed to calculate the relative velocity of the blade section. The new relative velocity results
in a larger angle of attack, which generates a smaller lift force but a larger drag force on
the blade section as shown in Figure 11. Therefore, the direction of the in-plane force is
changed, which means the torque on the rotor has negative values and the blade is stalled.
A blade profile that performs better than NRELs814 in larger angles of attack, or setting a
pitch angle can be applied to avoid this phenomenon. However, this remains to be studied
in the future.
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5.2. Wavelength Factor

For sea state 3, the wavelength is 54.38 [m]. The water particle path reaches 27.19 [m]
from the water surface, then it starts to decay dramatically. The turbine hub is at a height
of approximately 21 [m] from the seabed and the turbine diameter is 20 [m], the upper
part of the rotor is in the range of wave circular orbits, the lower part of the rotor is at the
location where the wave decays rapidly as shown in Figure 12. This indicates that the wave
affected approximately half of the rotor swept area during operation, but excited the buoy
significantly. Furthermore, the load reduction for the mooring supported turbine does no
better than that of the rigid supported turbine because the wave just reaches the hub of the
turbine and affects half of the turbine; moreover, the superposition of the buoy and turbine
oscillations in this sea state makes the performance unexpected. Further investigation of
this kind of sea state will be part of future work.

Figure 12. Water particle paths under waves in deep water and the turbine position.

5.3. Morison Effects

According to the results above, the variation of torque values on tension mooring
supported turbines is larger than that of rigid supported ones in similar sea states. The
reason for this is the added mass effects on blade sections and the inertia force added into
the in-plane force to calculate the torque. The relative velocity term for a rigid supported
turbine is only the wave particle velocity in the vertical direction transferred to the local
rotating blade coordinate system. However, the inertia velocity of the turbine itself is
coupled with the wave particle velocity in calculating the inertia force for the mooring
supported turbine as in Equation (23); this results in an increase of inertia forces on blade
sections in the mooring supported turbine. Then the total torque increases as the in-plane
forces rise. Moreover, the method calculating the inertia force on the blade section for a
rigid supported turbine may not be applicable for a turbine that can move in the water as a
tension mooring supported turbine does.

Figure 13 presents the torque on the mooring supported turbine without Morison
effects in sea state 1, and the torque reduces as expected. This indicates that the Morison
effect, the added mass on the blade, plays a significant role in torque on a turbine that
can move vertically. Moreover, the Morison effect module in BEMT could be improved in
the future and the added mass effects on the mooring supported turbine blade should be
further investigated.
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Figure 13. Morison effect in torque

6. Conclusions

The modified BEMT code for a tensioned mooring turbine itself is a very efficient
tool and provides a fast simulation process. A 3 min simulation of a 0.1 [s] time step for
20 elements per blade and 0.5 [m] mooring line element lengths on a personal computer
with 4 i7 cores takes approximately 1 h. The output contains various data, for example,
inflow conditions on blade elements and forces on each element. The status of the turbine
can be checked at every time step, and a simple animation can be generated for motions
of the turbine. This is an efficient methodology for a highly dynamic system, such as a
tensioned mooring supported turbine and other taut mooring systems, for checking its
performance under various environmental conditions.

The dynamic marine climate causes significant load fluctuations on TSTs. This study
found that the tensioned mooring supported system has a positive effect on thrust load
reduction in most sea states. The system performance is satisfactory in swell waves, which
have a long wavelength. Both thrust and torque fluctuations decrease significantly. The
tensioned mooring-supported TSTs are useful for the swell environment or Stokes waves
with long wavelengths. Therefore, installing this system can improve fatigue performance
when compared with rigid supported TSTs.

In extreme conditions, such as harsh winter storms, the tensioned mooring supported
TSTs significantly reduce the thrust loading; however, the turbine should be shut down
and protected from potential damage to the blade due to negative torque. Furthermore,
this stall phenomenon can be investigated by improving the blade design and adding a
high angle of attack pitch angle to the blade so that the turbine can work under extreme
conditions with a favourable load reduction.

The loading on the turbine is always calculated by a quasi-static method in most
floating tidal turbine simulations, but the station keeping system uses a quasi-dynamic
analysis. This study tried to combine the turbine loading calculation and dynamics of the
mooring system by a modified BEMT code. However, this model can be enhanced with the
addition of the torque calculation due to the added mass effect on blade sections caused
by the quasi-static method, which results in the torque fluctuations. Further investigation
should be done into the mass effects added to the mooring supported turbine blade.

In Stokes waves with short wavelengths, such as sea state 3 in the previous sections,
the tensioned mooring supported TST can operate at the position where the wave particle
paths can reach the whole turbine. For this, the diameter of the turbine must not to be too
large and the buoy must supply a larger buoyancy when compared with the thrust loading
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on the turbine. The turbine can operate at an appropriate location in a water column.
However, the load reduction in this condition is still not as satisfactory as under the other
sea states; the performance is approaching that of the rigid supported turbine. Therefore,
to obtain a satisfactory load reduction in thrust, the tensioned mooring supported system
must be designed for application in environments where the water is not excessively deep.

The vertical velocity component of the wave motion had a large influence on the rotor
out-of-plane bending moment of a turbine. Furthermore, the tension mooring supported
turbine itself has a vertical velocity because it can move in a vertical direction, thus the
out-of-plane bending moment may be greater than a rigid supported turbine. Furthermore,
the torque on the rotor is also affected by the vertical velocity of the turbine itself due to the
Morison effect. It is obvious that the vertical motion of the turbine has a significant impact
on the design of the TST’s drive train or internal components; therefore, investigations of
the influence of the turbine’s vertical velocity on the rotor out-of-plane bending moment
should be further investigated in the future. On the other hand, future modifications to the
original Morison effects may not be applicable to the blade elements on a turbine that can
move in a vertical direction; therefore, modifications of Morison effects should be improved
in the future. In extreme sea states, such as harsh winter storms, greater blade profiles and
pitch angles should be investigated in order to avoid the negative torque. Adjustable rotor
speed will be an another research target in the future and should be applied to the model
in order to produce a reliable torque result.
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