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Abstract

The mathematical problem of establishing a collision probability distribution is often not triv-

ial. The shape and motion of the animal as well as of the the device must be evaluated in a

four-dimensional space (3D motion over time). Earlier work on wind and tidal turbines was

limited to a simplified two-dimensional representation, which cannot be applied to many new

structures. We present a numerical algorithm to obtain such probability distributions using

transient, three-dimensional numerical simulations. The method is demonstrated using a

sub-surface tidal kite as an example. Necessary pre- and post-processing of the data cre-

ated by the model is explained, numerical details and potential issues and limitations in the

application of resulting probability distributions are highlighted.

Introduction

The probability of collisions between mobile marine fauna and fixed or moving parts of MRE

devices might be relevant for the further development of the MRE sector, and has gathered

interest from the scientific community, consultants, regulators and device developers [1, 2].

Developers have been tasked by regulators to perform continuous monitoring and mitigation

measures, including the shut-down of the device if marine megafauna is observed within the

vicinity, as was the case for SeaGen, the world’s first tidal turbine to be fully commissioned as a

grid connected power plant [3]. These shut-down measures provide safety for the animals, but

also result in a lack of observations of animal-device interactions [4]. Since the technology has

huge potential and is expected to be deployed across the world [5] in the coming years, increas-

ing the understanding of collision risks is of high importance.

The problem of establishing the overall collision risk for an installation in a given location

is dependent on both physical and biological factors. Here, collision probability is represented

by the probability of co-occurrence of a MRE-device with an animal simplified to a to a three-

dimensional ellipsoid shape. The application of a 4D simulation (a three dimensional repre-

sentation of the MRE-device and an animal over time) is purely based on geometry and
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kinematics, which should be defined using biological data, possibly observed in the field [6–

8]. Avoidance behaviour of the animal could be used to define the animal trajectory in the

simulation or the probability of the existence of an animal close to the device [9–14] could be

included in postprocessing to derive a collision risk estimate, which could then be incorpo-

rated into an environmental risk assessment.

Several studies [15, 16] of horizontal axis turbine collision risks have applied the same for-

mula to estimate the collision probability in the rotor-swept area. The blades of a horizontal

axis tidal turbine sweep a disc-shaped volume, which is simplified to a circular plane. The colli-

sion probability PC can then be expressed as

PC ¼
NoLcosðaÞ

v
ð1Þ

with ω being the rotational velocity, N the number of blades, v the velocity and α the angle of

an animal of length L relative to the flow direction. The conceptual model of this collision

probability formulation is that the percentage of the entire disc area swept by the blades during

the time an animal passes, is a measure for the mean collision probability across the disc.

This does not provide any information on the distribution of the probability across the disc

area. For a standard horizontal axis turbine, the probability of impact at the axis is one and

decreases towards the blade tips. Close to the axis, the distance between blades could be less

than the width of the passing animal, so the collision probability would also be one. The accu-

racy of this formulation for specific cases will thus depend on the shape of the turbine and rela-

tive size and shape of the animal. It should also be noted that besides the collision probability,

additional data might be of interest when assessing a collision, for example, the relative velocity

or shape, stiffness and material properties of the structure [27].

The work presented in this paper is motivated by the need to find an equivalent value to Eq

1 for other types of tidal turbines and wave energy converters with more complex shapes and

forms of motion than a horizontal axis turbine, for which currently no solution exists. For

example, flap type wave energy converters move back and forth in the water column as a single

[17] or an array of structures [18]. The ORPC device is a helical cross flow tidal turbine [19]

and as such, an animal might encounter moving blades more than once during passage of the

enclosed volume, even if the simplest case of an animal following a straight path is assumed. It

should also be noted that Eq 1 implies animal motion perpendicular to the plane.

Literature on mathematical modelling of collision probability distributions is limited and

applications vary considerably from one area of application to another. For example, the colli-

sion probability of space craft or satellites with space debris has been investigated in great

detail, typically by simulating an object’s flight path and evaluating the minimum distance

[21, 22], sometimes even taking into account possible evasion manoeuvres or uncertainty of

parameters such as shape and size of motion paths [23]. Due to the large number of objects

involved, massive parallel computations are now being applied [24]. In another example, a

mathematical model was developed to investigate the collision probability and minimum safe

overtaking distance of two vessels at sea [25]. This model was used to derive a safe overtaking

distance dependent on overtaking speed and further vessel characteristics like the radius of

turn and response time. An investigation of whether an optimum speed exists to minimize the

amount of rain falling onto a moving body found, even for simple shaped bodies like cylinders

or parallelepipeds, that the solution depended on rain/wind direction and the shape of the

body [26]. Raindrops were represented as a flux, so the actual size of the drops was not taken

into account and the method was applied to bodies moving with constant velocity on a straight

line.
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The device used for a demonstration of the method is modelled on the Deep Green sub-sea

tidal kite developed by Minesto [20]. The kite is tethered to the sea floor and follows a trajec-

tory similar to a figure of eight in the water column, operating downstream of the foundation,

see Fig 1. Therefore, in this example, an animal might initially pass one component of the

structure (e.g. at the front of a cross flow turbine), but further down its trajectory, later in time,

it might still collide. The kite is an interesting case because it is not covered by any method pre-

sented to date and collisions with the wing might have different consequences from collisions

with the tether, since material properties vary significantly.

While the definition of a collision (zero or negative distance between two shapes) is iden-

tical for all cases discussed, the cases of interest in the present study are different. Firstly,

compared to collision models of space craft or ships, which are typically described by convex,

closed surfaces, the DeepGreen sub-sea kite (and many other marine structures of interest)

consists of a complex shape, providing opportunities for collisions on multiple surfaces at

every point in time. Secondly, the final result is not a collision probability for an object on a

given course but a distribution of collision probabilities over the entire area covered by the

device. The most general solution to obtain a probability distribution for collisions is to sim-

ulate all motions in three-dimensional space over time, thus four dimensions. In theory any

geometric shape could be moved along any path of motion. This paper presents details of

Fig 1. Schematic illustration of the tidal kite (yellow), tether (green) and flightpath (dashed line) with

main variables as defined in Table 1 and coordinate system as used in the simulations. The grey elliptic

symbol represents the animal under risk of collision. The foundation is located at the origin.

https://doi.org/10.1371/journal.pone.0188780.g001
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such an implementation and an exemplary application to a hypothetical animal, loosely

modelled on a seal. The kite dimensions, trajectory and speed are inspired by the Minesto

quarter-scale device undergoing field testing in a tidal channel in Strangford Lough, North-

ern Ireland, UK.

Methods

The numerical model was implemented in the open source freeCAD toolbox [28], the source

code is provided in S1 File. freeCAD is a general purpose Computer Aided Design framework

and allows the user to create and manipulate geometric objects via scripting in the python pro-

gramming language or a graphical user interface. The main functions used in the simulations

are rotations and translations to position objects at each time step and tools to evaluate the dis-

tance between two shapes.

The kite geometry is assumed to be identical for all simulations in this paper and defined as

two parts, the tether and the kite, see Fig 1. The later allows the user to record collisions with

the tether and the kite separately, such that the consequences of a collision might be evaluated

taking the structural properties at the impact location into account.

The kite has a span width of 3m and the length of the tether is 25m.

Each simulation is defined by the following set of variables:

• animal length (L)

• animal velocity (v)

• the animal’s initial position (z, y)

• a phase lag (δ) between animal and kite motion

• the time it takes the kite to fly the entire track (T)

• the mean kite depth (D)

• the water depth (H)

• the height (h) and width (w) of the figure of eight describing the kite trajectory

For the simulations presented here, a parametric flight path, loosely modelled on the Mine-

sto quarter-scale device, was implemented. Animals were represented by ellipsoids, with the

major radius set to half the animal length and the minor radii set to a third of the animal

length. The animals were set to move with a constant velocity in positive x direction.

For each time step the following tasks are performed:

• The kite is moved into its new position by a sequence of three rotations around the bottom

joint:

1. α is obtained from the previous two kite positions to ensure the kite is pointing in the

direction of the flight path.

2. β turns the device, such that the centre of the kite oscillates around the mean depth with

a period of T/2

b ¼ arccos
H � Dþ h

2
sin p

T ðt � dÞ
� �

L

� �

ð2Þ
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3. δ positions the kite at a y position, oscillating around the center axis with period T.

g ¼ arcsin
w
2

sin ðbÞL sin 2p

T ðt � dÞ
� �

 !

ð3Þ

• The seal position in x direction is next updated from its initial position (0, y, z) according to

linear translation:

xðtÞ ¼ v � t ð4Þ

• The minimum distance between the animal and the kite or tether is then evaluated. Any dis-

tance below a set threshold (1mm in this case) is considered a collision and the simulation is

stopped.

• If no collision occurs, the simulation continues until the animal passes the maximum down-

stream kite position, defined as the length of the tether plus the height of the kite structure.

The occurrence of a collision also depends on the phase relation between animal and

device. Therefore, a phase lag was used to vary the starting position of the kite. Simulations

with varying phase lags must be run for all animal positions, animal sizes, velocities and kite

parameters. Establishing probabilities requires considerable numbers of runs. 50 delays dis-

tributed evenly over the kite period provide probabilities with an accuracy of 2%.

To obtain a collision probability distribution across the device, 21 different depths and 15

positions across the width of the flight path were simulated, creating a 1m × 1m grid. With 50

delays, NSim = 15750 simulations must be run to obtain a single probability distribution for

one configuration of device and animal. If different operating conditions of the device are of

interest, the previous number would again increase by that factor, creating a considerable

computational burden. Since simulations are independent of each other, parallelisation can

easily be achieved. Runtime scales almost linearly with time step and a full set of 15000 simula-

tions took approximately 24h on 28 cores on a AMD Opteron(TM) Processor 6272.

To demonstrate the application of this numerical model, we present a time step conver-

gence study and then three physically plausible changes in operating conditions of the MRE

device.

All cases presented use the settings given in Table 1.

Probability metrics

The collision probability PA across the entire investigated cross-section A is defined as

PA ¼
NColl
NSim

ð5Þ

with NSim the number of all simulations and NColl the total number of collisions.

The collision probability as defined in Eq (1) refers only to the area swept by the turbine

blades. As many novel MRE devices cannot be compared to conventional horizontal axis

Table 1. Parameters used for the baseline case. The midpoint of the flightpath is at y = 0m. Lists are defined as start:increment:final value.

L z y v δ T H D h w

[m] [m] [m] [m/s] [s] [s] [m] [m] [m] [m]

1.410 0:1:20 -7:1:7 1.8 0:T/50:T 8 20 7 3 10

https://doi.org/10.1371/journal.pone.0188780.t001
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turbines, we define a second collision probability as follows:

PSweptA ¼
NColl

NCollPos
ð6Þ

where NCollPos is the number of positions at which at least one collision occurred for all delays

tested. This value is directly comparable to the one obtained in Eq (1) but for the MRE device

investigated in this paper NCollPos is a function of the MRE device configuration. The post

processing of the data generated by freeCAD was implemented in R [29].

Time step convergence

The temporal resolution of the simulation must be chosen appropriately by performing a con-

vergence study. The baseline case simulations were run for decreasing time step size, begin-

ning with 0.2s. Table 2 shows the number of collisions NColl over time step size. It can be

observed that the number of collisions varies for time steps larger then 0.1s for the tether

NCollTether and 0.05s for the kite NCollKite. In some very rare instances, the animal hits the kite

and tether simultaneously (NCollBoth), but although those numbers still show variations for

time steps of less than 0.1s they seem negligible for the collision probabilities between the ani-

mal and the MRE device. The slower convergence of the kite seems plausible, given the higher

absolute velocity of its motion.

The probabilities obtained for a time step of 0.1s seem accurate enough for this application,

so in all following cases this value was used. It should be noted however, that the adequate time

step will always be a function of animal and kite velocity, so might vary for different simula-

tions. We recommend that the highest velocity case is used to assess suitable parameters.

1 Results

Case 1: Baseline case

Fig 2.1 presents results for the baseline case. At each position across the investigated cross-sec-

tion the probability of a collision is evaluated and displayed in a coloured and scaled circle.

Overall, the area where collisions occur is approximately V shaped. The only position where a

collision is inevitable is the mooring point at the bottom, where the tether maintains a fixed

position, blocking the passage at all times. Above the mooring point, collision probabilities

decrease to approximately 40% in the centre and continue to decrease with increasing distance

from the centreline. This is due to the fact that the tether passes twice through the middle sec-

tion during each period. Around the mean flight depth of the kite, the probability of a collision

increases again to up to 80% in the centre. For the baseline case PA is 9.59%, while PSweptA was

Table 2. Total number of collisions with varying timestep for the baseline case (h = 3m, T = 8s,

D = 7m).

0.2s 0.1s 0.05s 0.01s

NCollKite 531 594 581 581

NCollTether 935 970 970 970

NCollBoth 52 54 34 34

NColl 1413 1510 1517 1517

PA, Kite 3.37 3.77 3.69 3.69

PA, Tether 5.93 6.16 6.16 6.16

PA, Device 8.97 9.59 9.63 9.63

https://doi.org/10.1371/journal.pone.0188780.t002
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25.81%. The majority of collisions are with the tether, the ratio NCollTether/NCollKite is 1.7,

Table 3.

Case 2: Variation of kite trajectory

Fig 2.2 shows results for a case with h = 4m. With the kite flying a higher figure of eight, no col-

lisions occur with the kite in a small region off the centre, around y = ±2 − ±3. The main

Fig 2. Probability (%) of a collision at each position in the cross-section between an animal and the a) entire structure, b) the kite,

only and c) the tether, only for different configurations. Columns represent the four different cases described in the main text; 1)

baseline, 2) variation of kite trajectory, 3) longer kite period and 4) increased flight depth.

https://doi.org/10.1371/journal.pone.0188780.g002

Table 3. Number of collisions NColl and probabilities P as defined in the text above for varying configurations, based on 15750 simulations. The

parameter changed from the baseline case is set in bold.

Case 1 (Baseline) Case 2 Case 3 Case 4

h [m] 3 4 3 3

T [s] 8 8 10 8

D [m] 7 7 7 10

NCollKite 540 656 462 563

NCollTether 916 1023 826 815

NCollDevice 54 39 28 30

NColl 1510 1718 1316 1408

NCollTether/NCollKite 1.7 1.6 1.8 1.4

NCollPos 117 128 117 111

PA, Kite 3.77 4.41 3.11 3.77

PA, Tether 6.16 6.74 5.42 5.37

PA, Device 9.59 10.91 8.36 8.94

PSweptA, Device 25.81 26.84 22.5 25.37

https://doi.org/10.1371/journal.pone.0188780.t003
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difference to the baseline case is nevertheless the increase in the number of total kite collisions

from 540 to 656. As expected, the overall swept area increases in the vertical plane from

approximately 5m to 8m, the number of positions where collisions occur increases to 128,

Table 3. Overall, the total collision probability in the total area increases slightly to 10.91% and

the collision probability in the now larger swept area remains almost identical to the baseline

case at 26.84%.

Case 3: Longer kite period

When the same kite trajectory as in the baseline case is used but the kite period is increased

from 8 to 10s, the overall collision distributions hardly seem to change, Fig 2.3. The collision

probability relating to the total area as well as the one relating to the swept area decreases to

the lowest value of all cases investigated with 8.36% and 22.5%, respectively.

Case 4: Increased flight depth

Increasing the mean flight depth of the kite from 7m to 10m scales the collision distributions

vertically, Fig 2.4. No collisions occur above 13m and the number of positions where collisions

occur reduces to 111 while the probability of a collision across the swept area remains almost

equal (25.37% vs 25.81%). The overall collision probability across the cross-section decreases

slightly compared to the baseline case (8.94% vs 9.59%). Also, there was a notable decrease in

the ratio between kite and tether collisions to 1.4.

Discussion and conclusion

We present a numerical method to compute the spatial collision probability distribution for a

novel MRE device. The method and processing is generally suited for probabilistic collision

modeling of any structure and not necessarily limited to the marine environment, as long as

geometries and motions are known. Care must be taken to choose appropriate temporal reso-

lution and a convergence study should be carried out to choose an appropriate time step. The

collision probability value obtained across the entire cross-section is somewhat arbitrary, but

allows us to compare the outcome of different configurations of the MRE device in a given

position. The collision probability evaluated over the swept area can be used instead of Eq 1

for novel MRE devices. Both probabilities show relatively little sensitivity to varying device

parameters within physically reasonable bounds.

For each device configuration, a large number of positions exist, where (for straight, trans-

lational animal motion) no collision can possibly occur. Those positions could be established

after completing the first kite trajectory and removed, which would reduce the computational

time required for future simulations. Some care must be taken when using the results of Eqs 5

or 6 instead of Eq 1, otherwise the collision probabilities could be exaggerated.

In future applications the resulting collision probabilities could be weighted according to

whether a collision is considered more severe, for example if certain parts of the structure (e.g.

the rotor) are involved or if it occurs with higher relative velocities. Similar approaches have

been discussed by [27].

Ecological data such as depth distributions and transit rates could be multiplied with the

collision probability distribution to progress towards a more realistic estimate for collision

risk. Arguably, the lack of knowledge on actual probability distributions for a certain species to

occur in a given time or space and the reaction in the vicinity of a device are larger sources of

error than the expected variations in collision probability due to design or operation of the

MRE device.
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