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Abstract— The motion and mooring tensions of a scaled-down
PLAT-O#2 physical model were measured in axial currents at
FloWave, Edinburgh. At high flows, the platform ‘squats’ – moves
in an arc motion along the upstream lines and about their anchors
– to a stable lower depth. The compliance improves load share and
survivability in extreme seas. To further investigate the squatting
motion, the tested set-up is simulated ‘like-for-like’ in ProteusDS
software. The modelled and measured trends, motion and line
loads, are comparable. A significant lift force is identified with
further work focused on estimating it at sea.
Keywords— Floating Tidal Stream; Dynamic Response Model
Validation; Tank Testing; The Morison Method; Lift

I. INTRODUCTION
Floating tidal stream generators can power island
communities with economical, renewable and fully predictable
electricity. Subsea, taut-moored generators, such as Sustainable
Marine Energy’s PLAT-O device [1], enable optimization of
yield, survivability and O&M costs. The first full-scale
prototype (#1) hosts two turbines at 100kW total (Fig. 1). The
commercial concept (#2), of four turbines (200kW+), is kept
stable by a bridled mooring system of four anchors (Fig. 2) [2].
Understanding PLAT-O#2’s response to the sea, in terms of
platform motion and mooring tensions, is essential for
designing a cost-effective, deployable and durable device; that
survives installation, generation and storms in service. For a
developer in the nascent tidal industry, mooring failure can be
catastrophic, e.g. loss of device and investor confidence. To
avoid it, mooring specifications must be based on sufficiently
accurate estimations of response and appropriate safety factors.
Engineers rely on tank testing and validated numerical
modelling tools to simulate device response at the tidal site.
ProteusDS, used in this study, is a time-domain tool for
modelling the dynamic response of offshore structures [3]. It is
a semi-empirical multibody dynamics model that includes a
Morison method approach for hydrodynamic loading from
prescribed metocean conditions and a finite element model for
mooring structure loads and dynamics. The Morison method
does not resolve wakes from fluid-structure interaction.

Any decreased flow or shielding that might occur on bodies
downstream is not captured. ProteusDS is reasonably accurate
and fast; hence, suitable for early concept development. The
alternative Computational Fluid Dynamics (CFD) method is
too time-consuming and processor intensive for use at this stage.
A 1/17th Froude-scaled physical model of PLAT-O#2 was
tested at FloWave [5] in axial currents of up to 5 m/s (sea-scale).
An initial full-scale validation study using ProteusDS [2]
yielded comparable loads; but not motion, due to scaling errors.
Froude scaling best represents gravitational forces (e.g. device
mass, waves); but not viscous drag, which is Reynolds-scaled.
In the presented study, the challenge of competing scale effects
is eliminated by modelling the prototype as tested, at tank-scale;
to improve the accuracy of modelled motion and line tensions.
In this paper, the Methodology section presents the tested
PLAT-O#2 set-up; the forces on the device; and the ProteusDS
process, inputs and governing theory. In Results, the modelled
and measured responses are compared. In Discussion,
discrepancies are identified and justified. The Conclusion,
presents key findings, uncertainties and further work.

Fig. 1 PLAT-O #1 full-scale prototype

Fig. 2 PLAT-O #2 concept: platform and mooring system
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II. METHODOLOGY
This section covers the experimental set-up, background
theory and ProteusDS inputs; the forces at work, the test
subject, and the assumptions involved in modelling response.

waves
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Thrust

heave

A. Environmental forces
At the tidal site, the forces acting on the platform are: wavecurrent drag and inertia; wave excitation; thrust; net buoyancy
and lift. Drag, thrust and net buoyancy are the dominant forces
(Fig. 3). The taut-moored configuration aims to minimize, but
not limit, motion and inertia. Pre-tension is kept in the lines by
the net buoyancy and uplift. Wave excitation is small, yet
present, on the device at its hub depth; acting in surge and heave
(orbital nature). The system compliance enables the platform to
ride extreme wave excitations at reduced loads.

Fig. 4 PLAT-O#2 physical model tested at FloWave

Fig. 5 PLAT-O#2 geometry in ProteusDS model
surge

spring

platform
current

load-cell

Fig. 3 PLAT-O#2 environment and main forces (side-view)

B. Tank Set-up
A 1:17 scale PLAT-O#2 physical model (Fig. 4) was tested
in axial currents and no waves, with and without turbines.
Qualysis cameras captured platform motion in six degrees of
freedom (6 DOF). The tank’s vertical profile follows a 1/15th
power law; more uniform than that of a typical tidal site (1/7th
or 1/10th) [6]; and modelled as uniform in ProteusDS. Incident
flow speeds (mean, min. and max.) and turbulence intensities
(I, % in Eq. 1) are recorded and calculated from a local Vectrino.
The mean and the maximum flows are modelled in two distinct
steady current runs to simulate respective responses. The tested
flow regime on the platform shifts from subcritical to supercritical in the higher flows (Re < 105).
Eq. 1

𝑉𝑚𝑎𝑥 = 𝑉𝑚𝑒𝑎𝑛 (1 + 𝐼/100)

The device has a bridled mooring system with four anchors,
four primary lines and eight secondary lines (Fig. 2). A mooring
member in the tank consists of three ropes, a split plate, a spring
and a load-cell (Fig. 6). The springs, used to achieve stiffness
similitude, are located at the anchor and are modelled separate
to the ropes. Plates connect the lines at the primary-secondary
split. These are not modelled and their centres are assumed as
connection points. Primary line tension is measured by a loadcell at each anchor. The turbines, based on the SCHOTTEL SIT
[7], are geometrically-scaled, free-wheeling (no shaft load),
rigid and of the same thrust coefficient at runway speed as the
full-scale turbines at rated power [2]. These are mounted on
hydrofoil beams that can rotate freely to align with the flow.

split plate

rope
anchor

Fig. 6 The mooring member assembly in the tank

C. ProteusDS Set-up
The modelling process in terms of inputs, calculation
methods and outputs is summarized in Figure 7. The PLATO#2 geometry is modelled as a 3-D rigid assembly of generic
(e.g. cuboid) and custom bodies (Fig. 5). The mooring spread anchors, bridles and yokes points (Fig. 6) - is modelled ‘likefor-like’. The net buoyancy is matched by adjusting the
modelled mass.
The ProteusDS tool uses:
• Morison’s load formula to reasonably accurately model drag
and inertia loads on slender members of various cross-sections
in wave and currents; based on kinematics, geometry and userprescribed empirical drag and added mass coefficients.
• Discrete pressure-area method to model buoyancy and
Froude-Krylov wave excitation forces on the platform.
• Point forces and moments to model turbine thrust and torque,
respectively; based on rotor swept area and coefficients for
given rotor tip speed ratios (TSR) and flow velocities.
• Hydrofoil sections to model lift, from prescribed lift, drag
and pitching moment coefficients and angle of attack tables.
The presented set-up does not model lift due to unknown inputs.
• Finite element mooring model to translate forces and
moments on the platform into line elongations, tensions and
device motion (6 DOF).
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Fig. 7 Inputs, methods and outputs of modelling motion and line loads in ProteusDS

In ProteusDS, structure shielding is not resolved as the
Morison method does not model wake regions. Empirical drag
and added mass coefficients are required for the subject
structure. Experimental data for generic geometries and test
conditions is available in literature [8][9] and standards [10].
D. Squatting Motion Free-Body-Diagram
An exaggerated free-body-diagram of the squatting motion
is shown in Figure 8. All platforms loads with vectors acting in
parallel with the primary upstream lines are reacted in tension.
Load vectors perpendicular to the lines axes, when un-balanced,
cause an arc motion along the primary lines and about their
anchors; until a new and stable equilibrium is achieved at a
lower depth – squatting. Platform drag, turbine thrust and
negative lift counteract net buoyancy to cause the squatting.
The compliance improves line load share and survivability, as
the allowable motion of the platform in extreme sea states
reduces reaction loads on the mooring system. When squatting,
the upstream line loads are higher, due to drag and thrust loads
being more geometrically in line with the mooring reaction load.
The pitch in the platform adds drag, as the frontal area increases,
but also creates lift that can aid or hinder the squatting motion.
Load vectors legend:
•
resultant
•
in-line
•
perpendicular

Fig. 8 Squatting motion Free-Body-Diagram

E. Background Theory
1)
The Morison Method
Structures placed in the sea are subject to wave and current
forces. The Morison method gives a reasonable estimation of
sea loads on slender members by assuming that inertia and drag
(Eq. 2) are the joint forces at work [8]. The semi-empirical
formula requires hydrodynamic coefficients for the subject
structure to be derived experimentally; however, tables of a
wide range of cross-sections, shapes and test conditions are
available in literature and standards [8-10].
The main advantage of the Morison method is also its
limitation. Morison does not directly resolve fluid-structure
interaction or resulting wakes, and the input particle kinematics,
current and wave, are derived at centre location of body and in
its absence [10]. Current and wave flows vary across the depth;
therefore, the body is discretised into sections and the total
force is the sum of forces along its length.
The inertia component is the reaction force to the structure
displacing (accelerating) water around it [8]. Moving water
resists changes from its original path by virtue of its massinertia. This resistance, seen by the structure, is equivalent to a
gain in its mass, an added-mass; represented by a Ca coefficient.
As per Newton’s 2nd Law of Motion, inertia is proportional to
the relative fluid-body acceleration (Eq. 3).
The drag component is due to resistance between water
particles, or viscosity, causing form and skin-friction drag;
proportional to the square of relative velocity between fluid and
structure (Eq. 4). Form drag, dominant on bluff bodies (e.g.
cylinder), is due to water streamlines separating from body
surface, forming eddies downstream and a region of lower
pressure in its ‘wake’ (Fig. 9). The pressure differential acts on
the surface area projected to the flow as a drag force. The skinfriction drag is dominant in streamlined bodies (e.g. hydrofoils)
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and is due to resistance between fluid and the boundary layer
(body surface). In Figure 10, the tangential force (fT) consists
mainly of skin-friction drag. In [9], distinct form and skinfriction drag coefficients are given for most shapes. Again, the
Morison method does not model the wake region from the
viscous interaction of flow and cylinder shown in Figure 9.
Consequently, any shielding or reduced in-flows on structures
placed in the wake of another are not captured in ProteusDS.
The hydrodynamic parameters are a function of flow regime
(Re), oscillatory flow period (KC) and surface roughness (k/D)
[8][10]. An example of drag coefficient curves for a cylinder in
a given regime and surface roughness is shown in Figure 11.
The experimental flow regime over the PLAT-O#2 model is
mostly sub-critical, but approaching critical in the higher flows
(104 < Re < 105). The physical model has a composite surface
with a roughness estimated between 5 x 10-5 and 5 x 10-6 [10].
A ‘slender’ member is defined as having a characteristic
length (e.g. diameter) less than 1/5th of the incident wave length
[8][10]; such that diffraction effects are negligible. At full-scale,
PLAT-O#2’s hub is 18m below the surface and the largest
assembly diameters are at 1.2m; therefore, Morison’s method
is applicable and wave diffraction can be considered negligible.
2) Other Forces
Lift force occurs when flow, passing the cross-section of a
member, forms a pressure differential in the normal direction.
The lift force direction is perpendicular to the normal
component of inflow velocity, vN, as shown in Figure 10.
Wave excitation force over the platform is derived by the
Froude-Krylov ‘pressure-area’ method in which the local
dynamic wave pressure is integrated over the platform surface.
Thrust is the reaction force to turbine deflecting and
transferring momentum from incident flow to its blades.
Torque is the rotational force of blades about the rotor shaft.
Line tensions in ProteusDS are calculated from a dynamic
finite element non-linear beam lumped-mass model [11]. A
lumped-mass model has its member as a string of elements with
mass at the nodes and springs and dampers in between. The
springs represent the axial stiffness of the mooring and dampers
delay response to match the input tension-elongation
characteristics of a mooring cable.
Eq. 2

𝐹𝑁 = 𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎 + 𝐹𝑑𝑟𝑎𝑔

Eq. 3
𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = (𝑚𝑎)𝐶𝑚
𝑚 − 𝑚𝑎𝑠𝑠 𝑜𝑓𝑓𝑙𝑢𝑖𝑑 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝑏𝑦 𝑚𝑒𝑚𝑏𝑒𝑟
𝑎 − 𝑓𝑙𝑢𝑖𝑑 𝑎𝑐𝑐𝑒𝑙𝑒𝑟. 𝑖𝑛 𝑐𝑒𝑛𝑡𝑟𝑒 𝑜𝑓 𝑚𝑒𝑚𝑏𝑒𝑟 (𝑖𝑛 𝑖𝑡𝑠 𝑎𝑏𝑠𝑒𝑛𝑐𝑒)
𝐶𝑚 − ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑚𝑎𝑠𝑠 𝑐𝑜𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑡
1

Eq. 4
𝐹𝑑𝑟𝑎𝑔 = ( 𝜌𝐴𝑣 2 )𝐶𝑑
2
A − 𝑝𝑟𝑜𝑗. 𝑎𝑟𝑒𝑎 𝑠𝑒𝑒𝑛 𝑏𝑦 𝑓𝑙𝑜𝑤
v − 𝑓𝑙𝑢𝑖𝑑 𝑣𝑒𝑙. 𝑎𝑡 𝑐𝑒𝑛𝑡𝑟𝑒 𝑜𝑓 𝑚𝑒𝑚𝑏𝑒𝑟 (𝑖𝑛 𝑖𝑡𝑠 𝑎𝑏𝑠𝑒𝑛𝑐𝑒)
𝜌 − 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝐶𝑑 − ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑑𝑟𝑎𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡

Fig. 9 Flow past a cylinder – inviscid, no drag (top); viscous, drag (bottom)

Fig. 10 Definition of normal (fN), tangential (fT) and lift (fL) forces on an
inclined cylinder section [10]

Fig. 11 Drag coefficient of a cylinder depending on the flow regime (Re) and
its surface roughness (k/D). Experimental flow regime range in red [8]

F. Experimental Data Processing
The typical test duration is 65s. The targeted flows are 0.30,
0.61, 0.85, 1.09 and 1.33 m/s. Gaps in raw Qualysis data, due
to marker shading, are filled by interpolation (PCHIP). Outliers
and noise are removed by a low-pass Fast Fourier transform
filter. The tension and motion are recorded at 256 and 128Hz,
and filtered to 8 and 16Hz, respectively. The presented data is
normalized against static results, e.g. platform in still water.
Tension is normalized against static pre-tension and
translational motion against rotor diameter. Experimental
statistics - min, mean and max - are derived and compared with
concurrent ProteusDS-modelled outputs.
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III.

RESULTS

G. Mooring Tension
In the tank, the load share between upstream lines is not even
due to turbulence and small length inaccuracies from the set-up.
A flow that varies in space and time causes an asymmetric drag
distribution across the platform and fluctuating tensions in the
upstream lines. The modelled load share is symmetric because
the input current is uniform vertically, horizontally and in time;
and the spread is symmetric. The recorded temporal turbulence
intensities are 5-14%. The vertical profile follows a 1/15th
power law [6] – largely uniform across the platform. For
comparison, the measured loads are added and averaged.

The measured and modelled tension statistics for upstream
and downstream lines are plotted against mean current for tests
without and with turbines (Fig. 12, Fig. 13). Maximum
modelled tensions from maximum measured flow inputs are
plotted against mean current. The upstream load trends with
flow are increasing and quadratic, as expected in a drag and
thrust dominated environment. Turbines add drag and thrust
and increase upstream loads. Downstream lines start with a
similar pre-tension to the upstream lines. As the flow increases,
the downstream tension is released with squatting and the
recorded is just the line drag. Generally, the upstream loads are
overestimated, and increasingly so with current (Fig. 14).

Fig. 12 Platform without turbines - primary line tension statistics (measured and modelled)

Fig. 13 Platform with turbines - primary line tension statistics (measured and modelled)

Fig. 14 Modelling error in upstream line tensions
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H. Platform Motion
Translational motion statistics are normalized against rotor
diameter, D. The measured and modelled platform motions
(6DOF) are compared at different flows with and without
turbines in Figures 15 and 16. The circular trends in surge and
heave illustrate the platform squatting - forward and to a lower
depth - in the higher flows. Once the platform squats, it vanes
in yaw and sway, as these motion modes are no longer
restrained by the downstream lines. The range of motion, e.g.

min and max, increases with current due to a rise in flow
turbulence. In the extreme currents near 1.5 m/s, the platform
without turbines experiences a net yaw, sway and roll (Fig. 15),
because it faces the highest recorded turbulence in flow. This is
not seen with turbines present because the added thrust force
aids platform stability due to the drogue effect (Fig. 16). The
numerical model does not predict these variations in motion
because the flow input is constant and without any turbulence.

Fig. 15 Platform without turbines - motion statistics (measured and modelled)
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Fig. 16 Platform with turbines - motion statistics (measured and modelled)
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IV. DISCUSSION
Modelled and measured upstream line tensions (Fig. 12, Fig.
13) show similar trends and good agreement in the lower flows.
The downstream line tensions are well represented in the model.
The modelled and measured motions (Fig. 15, Fig. 16) are
comparable throughout, but vary slightly due to a difference in
squatting currents. The full-scale ProteusDS model [2] outputs
comparable loads, but negligible squatting motion. The
presented tank-scale model, as oppose to the full-scale, avoids
the scaling errors, predicts the squatting and estimates more
realistic motion. Discrepancies are well-understood and further
work aims to achieve comparable response at all currents. The
modelled and measured, tension and motion, trends, errors and
causes are further discussed in this section.
Given the axial flow, and mostly symmetric mooring spread
and platform, the upstream lines are expected to share the load
evenly. Also, given the drag and thrust dominated environment
(Fig. 3) and the understanding that squatting increases line
tensions (Fig. 8), the trend between upstream line tensions and
flow is expected to increase quadratically (Eq.4). The measured
and modelled upstream line tension trends are as anticipated in
most currents, with and without turbines (Fig. 12, Fig. 13).
The model overestimates upstream line tensions;
increasingly so with current and by up to 30% with turbines on
(Fig. 14). This is due to a higher modelled drag caused by the
selection of drag coefficients and any unresolved shielding.
Regarding the selection of drag coefficients; these are rated
for sub-critical flow regime and set constant at all currents. The
experimental regime, over the main parts, approaches the
critical region as the current increases. In the 104 < Re < 105
region, coefficients decrease rapidly and are sensitive to the
Reynolds and surface roughness values. An example for
cylinders is shown in Figure 11. The used sub-critical drag
coefficients could be conservative for near-critical regime,
causing overestimation of drag with flow. Also, although the
parts are matched to their closest shapes and flow regimes in
literature, some error is expected due to the limited dataset.
Shielding is not modelled. The estimated drag on the lower
downstream beams and the upper pontoons, as the platform
pitches, is exaggerated. Using Reynolds-dependent coefficients
and calibrating these for the shielded parts are the next steps.
The modelled motion is within the measured range for most
currents and varies the most when the platform squats in the
tank but not in the model. The platform squats at a slightly
lower current in the tank than in the model, even though the
model overestimates drag. This suggests that drag and thrust
are not the only forces driving the squatting; with lift in the
negative direction suspected to play a part. In the current setup, only drag and thrust are modelled; lift is assumed negligible.
The presence of a significant negative lift force explains the
platform squatting deeper, a more negative heave in Fig. 15,
and at a slightly lower current in the tank than in the model.

The pitching platform acts as a hydrofoil attacking the flow.
It presents a complex ‘profile’ to a turbulent flow, and its lift
force is difficult to quantify in magnitude and direction without
further investigations. In the subcritical flow regime (Re < 105),
negative lift and ‘stalling’ can occur at small and wide angles
of attack (i.e. platform pitch), respectively. In the sea, negative
lift is unlikely to occur due to the post-critical flow regimes and
higher flow turbulences; nonetheless, this is yet to be confirmed.
Main lift contributors are the lower elliptical beams and the
outer pontoons. Suggested further work is to quantify lift force
on the platform as function of flow and pitch, through flume
testing and CFD modelling. Hydrofoil segments can be
superimposed in ProteusDS to model lift. A CFD study at fullscale and in post-critical flow regime is required to investigate
lift in the sea.
The upstream tensions match better in tests with turbines on
than without. The inclusion of turbines increases drag and
stabilizes the platform direction due to the created drogue effect.
This is seen in the smaller tension ranges (Fig. 13) and nearzero net sway, yaw and roll motion with turbines present (Fig.
16), than concurrent measurements without turbines (Fig. 15).
The model does not capture the fluctuations in motion because
it runs steady flows. In further work, flow turbulence can be
modelled by importing flow timeseries as recorded by Vectrino.
The modelled downstream tensions are very close to the
measured mean, and within the range for most currents. Errors
occur due to the platform squatting at a lower current in the tank
than in the model. For the same reason, the maximum modelled
tensions are closer to the mean measured.
Adjusting modelled mass to match net buoyancy affects
inertia and dynamics of the platform. The ProteusDS tool
accepts custom meshes; but at this stage, only the elliptical
lower beams are modelled geometrically as in the tank.
Modelling platform geometry as close to reality will improve
volume match; leading to a more accurate net buoyancy
(without mass adjustments) and inertia representation.
In general, the modelled and measured trends in motion and
tensions are comparable. The modelled tensions are
conservative by up to 30% in the higher flows, due to
overestimated drag. Despite a higher modelled drag, the
squatting current is higher in the model than in the tank. This
highlights the presence of a significant force contributing to
squatting; present in the tank, but not modelled for in this study.
Lift in the negative direction is suggested.
The modelled motion is within the measured range, e.g.
minimum and maximum, for most currents. Modelling at tankscale rather than at full-scale, results into more realistic motion
estimations. Further work focuses on modelling lift, flow
turbulence and the inclusion of waves. Wave radiation and
diffraction effects can be imported through a hydrodynamic
database of coefficients produced by a computational BEM
solver such as WAMIT, NEMOH, or ShipMo3D.
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V. CONCLUSION
The PLAT-O #2 concept is a subsea taut-moored tidal
platform developed by Sustainable Maine Energy Ltd. The
motion and mooring loads of a 1:17 scale PLAT-O#2 were
recorded in currents of up to 4.5 m/s (sea-scale) and no waves.
The tank measurements are compared against outputs from a
tank-scale model in the ProteusDS dynamic analysis software.
The ProteusDS model has produced comparable motion and
downstream mooring tensions. The tank-scale model
compliments existing full-scale model which also found
comparable loads. However, modelling as tested (in scale and
dimensions) avoids scaling errors (Reynolds and Froude) and
outputs more realistic motion. At high flows (2.5+ m/s seascale) the platform squats – arc motion along upstream lines
and about their anchors – to a stable lower depth. This motion
is captured well in the numerical model. Squatting motion
evens the loads share and the compliance improves
survivability in extreme waves.
Modelled upstream tensions are overestimated in the higher
flows, up to 30%, due to a higher modelled drag. The error
originates from the constant input drag coefficients,
conservatively rated for sub-critical flow regime, but used in a
near-critical region. Also, some extra drag is attributed to
shielding not being modelled, but present in the tank (e.g.
downstream lower beams). Using drag coefficients depending
on the flow regime (Re) is the suggested next step.
Despite experiencing a lower drag, the platform ‘squats’ at a
slightly lower current in the tank than in the model. This
suggests that drag and thrust are not the only driving forces
behind the squatting motion; with negative lift suspected to be
significant, as well. The pitched platform acts as a hydrofoil and
the lift force is unaccounted for in this model set-up due to
unknown inputs at this stage.
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cause ‘stalling’, contributing to the ‘squatting’ motion.
The ProteusDS tool, when used correctly, is reasonably
accurate and quick – fit for early concept development. It can
be complimented with finer CFD studies later on, when and if
required. The estimation error is another uncertainty, one of
many, in the design process that can be considered unimportant
and covered by conservative safety factors.
Further work aims to understand the contribution of negative
lift to the squatting in the tank, and how would that differ in the
sea. Lift characteristics at tank-scale can be obtained from
flume testing of the platform, and at full-scale through CFD
modelling. Including flow turbulence, Reynolds-dependent
drag coefficients and waves in ProteusDS are the next steps in
understanding platform response, and designing accordingly.
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