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Abstract—This paper discusses two important additions under
development in MoorDyn, a computationally-efficient lumped-
mass model for simulating the dynamics of mooring systems.
The first is a means of modelling friction between mooring lines
and the seabed. A simple saturated-damping approach is demon-
strated, and tests with steady lateral motion show reasonable
behaviour from this initial implementation. The second capability
under development is modelling mooring systems attached to
more than one floating body. This is relevant for new design
ideas that see moorings attached to multi-body structures or
shared among an entire array of floating energy devices. A means
of coupling about a collection of independently-moving fairlead
connections has been implemented. The resulting capability is
demonstrated with a scenario involving a mooring line connecting
two bodies undergoing circular motions. Seabed friction is also
included in the scenario, showing the effect that such friction can
have in altering the mechanical power dissipated by the moorings
in a shared-mooring wave energy array. Lastly, some ideas are
presented for wave tank tests that could be used to validate these
newly-implemented model components.

Keywords—mooring, dynamics, modelling, seabed friction,
multi-floater.

I. INTRODU TION

This paper iscusses the representati n f fricti n in
¢ mputati nally-efficient m rin m elsan h wsuchm -

els can als supp rt scenari s where m rin s are share
between multiple fl atin b ies.
Fricti n between m rin lines an the seabe can have

an imp rtant influence n the ynamics f catenary m rin
systems. ven in lab rat ry tests with sm th ¢ ncrete basin
fl rs, fricti n is th u ht t n ticeably affect the measure
m rin tensi ns [1]. ellin such fricti nisn t new (e. .
[2]); h wever, the ch ice f appr priate appr ach epen s n
the level f fi elity fthe verall m ellin framew rk.

A sec n capability un er evel pmentism ellin m r-
in systems attache t m re than ne fl atin b y. This is
relevant f rnew esi ni easthat see m rin s share am n
an entire array f fl atin ener y evices (e. . [3]-[6]). It
is als applicable t sin le evices that have articulate r
flexible b ies, such as is the case f r many wave ener y
c nverter (W ) esi ns. While in m st cases the m ellin

f such scenari s es n t require fun amental a vances in
meth s, it es require strate ic arran ement f a m el’s
calculati n pr cess, particularly when versatility in ¢ uplin
t therm ellin t Isis require .

Theexpl rati n fm ellin seabe fricti nan multi-b y

m rin interc nnecti ns iscusse in this paper is aime at

efficient an versatile m ellin  fm rin system ynamics.
As such, hi her levels f etail such as the ben in behavi ur
f un ersea cables are intenti nally ne lecte . The f cus here
ism rin behavi ur as it pertainst m rin system esi n
an 1 a s analysis.

The literature is rich with techniques f r m ellin the

ynamics f m rin lines an un ersea cables. These are

reviewe in ther w rks such as [7]-[9]. In recent years, a
number f simpler but m re mature an accessible m rin
m ellin implementati ns have emer e . AP is a quasi-
static m rin m el that set the stan ar as an pen-s urce
m rin simulat r versatile en u ht be use inc njuncti n
with many ifferent m ellin t 1s [10]. Dyn f 11 we
a similar istributi n m el, but use a lumpe -mass f rmu-
latint prviem ellin fm rin ynamics [11]. Tw
therc es, OPA [12]an Dy [13],aren t pens urce
but pr vi e a s mewhat m re a vance f rmulati n when it
cmest m rin line elasticity.

The emer ence f these vari us ¢ es in the literature
reflects the reality that many m rin m ellin nee s can
be satisfie by relatively simple appr aches. In many cases,
the limitin fact rs in applie m rin m ellin aren tt

with the rer f a m el’s finite elements but in the
versatility fthe m el—whether it can be applie t ifferent
scenari s an whether it can inte rate with ther analysis
t Is. In that ¢ ntext, the w rtk escribe in this paper is a
step t war increasin the versatility f rDyn t better
acc unt f r scenari s inv lvin seabe fricti n an share
m rin S. rDyn uses a simple sprin - amper m el f r
axial elasticity, an represents hy r ynamics f rces usin

ris n’s equati n. Vertical seabe -c ntact f rces are han le
by a sprin - amper appr ach activate whenever n es pass
bel w the efine seabe hei ht.

With its simple f rmulati n,
¢ mputati nally efficient an als suitably accurate f r ¢ m-
m n ffsh re renewable ener y m rin scenari s [1], [11],
[14], [15]. It was inten e t capture nly the m st essential
phen mena relevant t typical fl atin win turbine m rin
systems, accurately pre ictin  verall line tensi ns while pri-

ritizin ¢ mputati nal efficiency. T achieve this efficiency,
itiscmm nt use nly ar un 20 se ments per m rin
line. As a iti nal capabilities are a e t increase the ran e
f situati ns that can be a equately m elle , these new
capabilities nee t be appr priate t the c arsely iscretize
m el implementati n. A particular challen e is that the ¢ arse

rDyn has sh wn t be



discretization can cause nonphysical tension transients from
the step changes in contact forces that occur when nodes arrive
or depart from the seabed.

The following sections present steps towards modelling
seabed friction and multi-floater mooring arrangements in Mo-
orDyn, before discussing possibilities for validation and finally
the remaining model development steps to be completed.

II. SEABED FRICTION

The seabed friction models discussed in the literature range
from simple one-equation approaches for resisting sliding to
complex multi-component approaches that account for rapid
impacts as well as sliding and static friction. Liu and Bergdahl
[16] describe a time-domain approach in which the dynamic
friction force is represented by a linear damping behaviour
that is saturated at a minimal velocity to a value equal to
the friction coefficient multiplied by the normal contact force.
The damping representation allows for stable behaviour when
sliding velocities are near zero.

An adjusted approach is given by Azcona et al [12],
whereby a stiffness-based model is used to represent the
static friction behaviour when sliding motion is negligible,
providing a more true sticking behaviour than a damping-based
approach. When the static friction is overcome, the friction
force saturates similarly to the damping approach to provide
a dynamic friction behaviour.

Wang et al. [17] describe a more involved seabed interaction
model that includes additional terms to govern the transition
of the friction behaviour between sticking and sliding states.
Their model also includes terms for impact and rebound
behaviour as well as the loss of momentum incurred in such
cases due to seabed friction during the impact.

A. Seabed Contact Implementation

Seabed contact in MoorDyn is only considered when a
node’s z coordinate, r3, is less than or equal to that defined for
the seabed, z;. The vertical seabed contact force is modelled
as

Bg = [(Zb — Tg)kb — 7-’361,} dl (1)

where kj, and ¢; are stiffness and damping coefficients for the
seabed, respectively, d is line diameter, and [ is line segment
length.

The seabed friction approach being implemented in Mo-
orDyn is that of [16], since this damping model is easy to
realize and less likely to suffer from artifacts caused by a
coarse discretization. If y is the friction coefficient between the
mooring line and the seabed, 7y and 7 are sliding velocities in
x and y, and B3 is the normal contact force, then the friction
force magnitude is calculated as

Fy = min (Of,/ff + 72, 1) it B3 (2)

where Cy is a damping coefficient chosen to be as large as
possible without inducing alternating friction forces at each
time step. The friction forces acts in opposition to the direction

200 m

700 m

200 m

Fig. 1. Seabed friction scenario with fairlead motion in y direction.

of movement, so the component friction forces in x and y can
be expressed as

. ) . T
B; = —min (C /72 472, 1) uB3———  (3)
TVirT 72t
By = —min (C’f\/f“%—i—f%, 1) ,U,Bg%. )
VT TS

B. Seabed Friction Demonstration

To show the behaviour of the friction model, a single
mooring line is subjected to a prescribed linear motion of the
fairlead: moving at 0.8 m/s for 500 seconds. The mooring
line is set up to represent that of a typical semisubmersible
floating wind turbine, with properties similar to those used
in previous work [11]. As illustrated in Fig. 1, the anchor
is positioned 700 m in the z direction and 200 m in the y
direction from the initial fairlead position, and the water depth
is 200 m. At an unstretched length of 800 m, more than half
the mooring line length is in contact with the seabed so the
fairlead motion results in significant sliding seabed contact.
Three friction coefficients are used: 0, 0.05, and 0.1.

The plots of Figure 2 show a birds eye view of the mooring
line profile at different instants in time as it responds to the
fairlead motion. Each subplot corresponds to a different fric-
tion coefficient. The lumped-mass node points along the line
are clearly marked, and those nodes in contact with the seabed
are indicated by black dots. The closer spacing of the nodes
near the left side of the plots reflects that the mooring line has a
greater slope in the vertical plane near the fairlead. Comparing
the plots, the effect of seabed friction can be clearly seen in
the more curved mooring line profile. Interestingly, this change
also coincides with a different amount of seabed contact.

The sensitivity to discretization is apparent from comparing
results with the mooring line divided into 10, 20, and 40
segments. The 0.1 friction coefficient is used for this. The
profile of the mooring line as seen from above is compared
in Figure 3. Very little difference, even at a discretization
of 10 segments, is visible from this perspective. A closer
examination of just the y position of the line midpoint is
shown in Figure 4 and this reveals a difference of perhaps
1% between 10 and 20 segment discretizations, and a much
smaller difference between 20 and 40 segment discretizations.
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Fig. 2. Birds-eye view snapshots of mooring line profile during steady 0.8

m/s fairlead motion with three different friction coefficients. Nodes in contact
with the seabed are dotted.

This affirms the adequacy of a 20 segment discretization for
this type of analysis.

III. MULTI-FLOATER MOORING CONNECTIONS

One of the goals for MoorDyn is to be versatile in the
types of scenarios that can be modelled. Previous work showed
the capabilities in terms of interconnections between mooring
lines and basic modelling of clump weights and floats [18].
This is of value for complex moorings of a single structure.
The next step in generality is to allow modelling of multiple
floating bodies. This is enabled by a new coupling function
that accepts the kinematics of each fairlead point, and returns
the resulting point reactions forces, at each time step. This
increases the ways that MoorDyn can be used—allowing
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Fig. 3. Birds-eye view snapshots of mooring line profile during steady 0.8

m/s fairlead motion with p# = 0.1 for three different discretization levels.
Nodes in contact with the seabed are dotted.
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Fig. 4. y position of mooring line midpoint during steady fairlead motion
scenario with g = 0.1 for three different discretization levels.

modelling of, for example, an array of WECs with a shared
mooring system, or multi-body WECs with moorings attached
at various points. The time integration is handled the same way
with this approach as with the rigid-body coupling approach:
via a second-order Runge Kutta scheme.

A. Two-Floater Demonstration

A scenario with two floating bodes connected by one
mooring line provides a simple demonstration of the multi-
floater coupling ability. To begin with, the motions of the
floating bodies are prescribed rather than using a full two-
way coupling. This provides more controlled conditions and
allows for precise adjustment of relative motion between the
two floats. For this scenario, illustrated in Figure 5, the floats
are taken to move in circular orbits of 5 m radius and 20 s
period. The phase relationship between left and right floats
is given by angle ¢. A mooring line with the same material
properties as used previously connects the two bodies at a
distance of 100 m. The motions are centered at a depth of 10
m and the unstretched mooring line length is 150 m.

Snapshots of the vertical line profile are shown in Figure 6.
The three subplots correspond to different phase relationships
between the two bodies’ motions. These plots demonstrate
the modelling of multiple independently-moving connection
points.
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Fig. 5. Simulated scenario of a mooring line connecting two points moving
in circular paths with phase difference, ¢.
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Fig. 6. Vertical z-z plane snapshots of mooring line profile between two
bodies undergoing orbital motion at three different phase relationships. Arrows
indicate node velocities.

The seabed interaction discussed earlier can be added to the
simulation by imposing a seabed depth that overlaps with the
line profiles shown in Figure 6. A depth of 57 m makes it so
that seabed contact is intermittent over the period of motion.
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Fig. 7. Vertical z-z plane snapshots of mooring line profile between two
bodies undergoing orbital motion at three different phase relationships when
seabed contact is included. Arrows indicate node velocities.

The resulting line profiles are shown in Figure 7. A friction
coefficient of 0.1 was used for these simulations. Comparing
Figure 6¢ with Figure 7c, the effect of the friction in resisting
motion across the seabed and thereby making the profiles less
symmetrical can be clearly seen.

Figure 8 shows the periodic tensions at each end of the
mooring line for the three different phase offsets. Transients
are visible in each signal. These arise when nodes touch
down on the seabed—a clear artifact caused by the coarse
discretization. The impulses caused by these node impacts are
seen to decay after 5-10 cycles due to damping in the model.
This emphasizes that seabed interaction is the area of model
performance most affected by using a coarse discretization.

The mechanical power transfer from float to mooring line
varies periodically with the motion. This is plotted in Figure 9.
An interesting aspect of mooring drag and friction is how they
add damping to the floats. This can be looked at in terms of
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Fig. 9. Mechanical power exerted by float through fairlead connection over
one period of motion.

the mechanical power transmitted or absorbed by the float via
the mooring line fairlead as a consequence of the periodic
motion. Table 1 shows the average mechanical power exerted
in the tests previously discussed as well as how they change
when friction is disabled.

TABLE 1
MEAN POWER EXERTED BY FLOAT ONTO MOORING LINE

phase offset (deg) 0 90 180

float (left/right) L R L R L R
friction (kW) 73 135 108 219 84 -17
no friction (kW) 65 21.6 179 148 105 -3.1

It is worth noting that the change in mean mechanical power
taken from (or imparted to) each float by the presence of
mooring friction is significant. Furthermore, these differences
are with a friction coefficient of 0.1, whereas design standards
such as DNV-OS-E301 recommend a friction coefficient of
1.0 for chain moorings on typical seabeds [19]. Clearly,
seabed friction can be of relevance to wave energy converter
behaviour in cases where there is significant seabed contact of
the moorings.

IV. TOWARDS VALIDATION

The simulated scenarios discussed in this work, which are
relatively simple, are relevant not just as demonstrations of the
capabilities being developed but also as potential test scenarios
for use in validation of these capabilities.

Constant-speed fairlead tow tests, as simulated in Section II,
provide an easily-implemented way to reveal seabed friction
in controlled conditions. Optical tracking, such as used by
Azcona et al. [12], can be used to produce data that matches
the plots of Figure 2. Validation of friction models then follows
easily.

For modelling of multiple floating bodes interconnected by
moorings, the question is not so much about the mooring or
float modelling (since either of these models can be validated
in isolation) but rather about the coupling of these models and
whether the included assumptions hold true in the multi-body
case. These questions can be tested in a relatively controlled
manner by scenarios such as those simulated in Section III.
By testing simple floating bodies interconnected by a mooring
line and spaced at the correct distance, there are few additional
phenomena at play that would detract from the main focus:
how the interconnected floats interact. The approach of using
regular waves, and adjusting the wavelength or float spacing to
achieve various wave excitation phase differences between the
two floats, makes for a simple and easily processed scenario
for validation.

V. CONCLUSIONS AND FUTURE WORK

The work presented here included a first attempt at seabed
friction modelling. Ongoing work will seek to refine this initial
attempt to account for more phenomena related to seabed in-
teraction and friction, such as stick-slip behaviour, directional
friction coefficients, and inclined seabeds. Also presented was
the new coupling capability that allows a mooring system
to be connected to multiple independent coupling points. A
simple example demonstrates the type of scenario that can be
realized as well as how the interaction with seabed friction
can constitute a damping effect on arrays of floating devices
that depends heavily on the phase relationships between device
motion.

Non-physical tension transients were identified during node
touchdown events as a result of the seabed contact model when
the discretization is relatively coarse. An important direction of
future work is to seek ways to reduce these transients without
increasing the number of nodes.

Lastly, validation will be an important part of supporting
the new features that are being developed. A new wave tank
is currently under construction at the University of Prince
Edward Island to facilitate suitable validation experiments.
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