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Experimental measurements of two elastic
taut-slack mooring configurations for the

multi-float M4 WEC
Samuel Draycott, Peter K Stansby, and Gangqiang Li

Abstract—Moorings are a vital and often problematic
component of any floating offshore renewable energy
system, whether for wind or wave energy conversion, and
here we consider the M4 multi-float wave energy converter
(WEC) system in a 122 configuration. Previous experimental
work has shown elastic cables to reduce extreme snap loads
by a factor of about 6 when considering single cables
between the bow float and a mooring buoy (hawser), and
between the mooring buoy and the bed. Here, we compare
results for two alternative configurations designed to re-
duce the mooring footprint as well as extreme snap loads.
Both systems are taut-slack with configuration 1 consisting
of a single mooring buoy and configuration 2 with a dual
buoy set-up with one submerged in an attempt to reduce
loads further. The configurations are experimentally tested
in irregular (JONSWAP) wave conditions up to limiting
steepness, with run times of 35 minutes at 1:40 scale or
about 3.5 hours full scale. Through statistical analysis it is
concluded that both mooring configurations offer similar
advantages in terms of reduction of peak loads, and display
very similar load and motion (hence power) statistics.
Configuration 2 displays slightly larger maximum forces
yet these occur at significantly lower frequencies (near
to the surge natural frequency) with reduced response
at the wave frequencies. This demonstrates that subtle
changes to mooring line configuration can be used to
affect the frequency, and hence number, of loading cycles
considerably without affecting power performance.

Index Terms—Wave energy converter, moorings, extreme
waves, experimental testing

I. INTRODUCTION

WAVE energy has the potential to contribute large
amounts of power to the grid with the global

potential similar to offshore wind [1]. This resource,
however, remains unexploited due to significant design
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challenges for wave energy converters. Moorings rep-
resent one of the major remaining challenges [2] which
need to provide station-keeping in extreme conditions
without significantly restricting the device motion re-
quired for energy conversion [3]. This requires mooring
design which deviates from more conventional ocean
engineering applications.

Here we are concerned with the M4 wave energy
converter (WEC) which is a hinged attenuator device
designed to extract power using a multi-mode, multi-
float system with capacity similar to offshore wind [4].
Previous work with the M4 device has demonstrated
that a single elastic cable between a mooring buoy
and the bed [5] can reduce snap loads by a factor of
6 compared with using inelastic cables [6]. Here, we
experimentally assess two alternative mooring config-
urations using elastic cables designed to reduce the
mooring footprint as well as the extreme snap loads.
Both configurations use three elastic cables between
the buoy and the bed in order to reduce the mooring
footprint. The first configuration uses a single mooring
buoy, whilst the second using a dual-buoy configura-
tion smaller buoys the larger of which is submerged.
The aim of the second configuration is to reduce the di-
rect loading on the buoys themselves through submer-
gence, whilst maintaining total buoyancy, and hence
reducing the total loads transmitted to the anchor.

Experiments are conducted at the Ocean basin of
the COAST laboratory at the University of Plymouth
and we assess both mooring configurations in a range
of irregular wave conditions up to limiting steepness.
Statistics and spectra are presented for bed (front)
mooring line force and hinge angle for both config-
urations.

The paper is laid out as follows. The experimental
set-up is detailed in Section II including the mooring
configurations and WEC set-up along with the sea
state parameters. Results are presented in Section III
considering basic statistics along with spectral analysis.
Concluding remarks are offered in Section IV.

II. EXPERIMENTAL SET-UP

A. WEC and mooring configuration

All tests were conducted in the Ocean basin at the
COAST laboratory, University of Plymouth. The water
depth was set to 2 m. As depicted in Figures 1 to 5, a
1:40 scale model of the 1-2-2 multi-float M4 WEC was
installed with two different mooring configurations.
This system has one bow float (diameter, D = 0.25 m),
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Fig. 1. Top-down diagram of M4 WEC and mooring configuration
1 (Config. 1)
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Fig. 2. Side-on diagram of M4 WEC and mooring configuration 1
(Config. 1)

two mid floats (D = 0.35 m) and two stern floats (D =
0.42 m). The bow and mid floats effectively make up a
rigid frame, with the stern floats connected via a hinge,
allowing power take-off based on the relative rotations.
The hinge angle, θ, is defined in Figure 5 along with the
float naming convention. Controllable motors are in-
stalled on the mid-floats to enable simulation of power
take-off but remain unconnected throughout these tests
as they investigate extreme waves where there would
be no energy extraction. Each motor weighs 4.35 kg,
and mid floats including ballast weigh 4.56 kg each.
The bow float weighs 3.2 kg including ballast and the
stern floats weigh 28.0 kg each including ballast. The
beams connecting the bow to the mid floats weigh
2.52 kg (total), with beams connecting the mid floats
to the stern floats weigh 3.10 kg (total). Mid-float cross
beams weigh 8.3 kg (total).

Figures 1 and 2 show mooring configuration 1 (Con-
fig. 1). In this configuration a large hemispherical
surface buoy is connected to the seabed with three
equi-spaced elastic cables in pre-tension, with a single
elastic cable to the bow float. The three mooring lines
remain in tension whilst the hawser line – connecting
the bow float to the mooring buoy – oscillates between
being slack and in tension based on the M4 motions.
The hemispherical mooring buoy is 0.2 m in diameter
and 1.25 kg. The three pre-tensioned bed-mounted
mooring lines are at approximately 30◦ to the bed plane
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Fig. 3. Top-down diagram of M4 WEC and mooring configuration
2 (Config. 2)

Fig. 4. Side-on diagram of M4 WEC and mooring configuration 2
(Config. 2)

and nominally 120◦ to each other in the x-y plane.
The front mooring line was 1.97 m unstretched and
3.47 m stretched, and the back mooring lines 2.50 m
unstretched and 4.00 m stretched. The difference is due
to available bed connection points at 1 m spacings. The
mooring lines are effectively elastic cables, comprising
two Allcare 0.6 m medium (red) exercise bands con-
nected by light carabiners giving a nominal stiffness of
65 N/m. The dynamic tension–extension curve for the
Allcare bands are presented in Figure 6 demonstrating
hysteresis.

The second mooring configuration (Config. 2) is de-
picted in Figures 3 and 4 and is effectively a modifica-
tion to Config. 1. In this configuration there is a smaller
submerged buoy connected to the seabed with three
equi-spaced elastic cables in pre-tension, however, this
is connected to a smaller surface buoy which is sub-

θ

bow float

hawser

mid float(s) back float(s)

Fig. 5. Diagram defining hinge angle, θ, along with the hawser line,
bow, mid, and back floats
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Fig. 6. Dynamic plot of tension vs strain for the Allcare medium
(red) exercise bands

sequently connected to the bow float. All cables are
elastic and are comprised of the same Allcare exercise
bands as Config. 1. Again the mooring lines remain in
tension, as does the line between the buoys, yet the
hawser line is often slack. The logic behind this con-
figuration is to reduce the mooring line loads through
reduction of the loads acting directly the buoy(s) whilst
providing equivalent buoyancy and hence pre-tension.
The submerged buoy in this configuration is 0.15 m
in diameter and 0.21 kg. The front mooring line was
2.09 m unstretched and 3.45 m when stretched, and the
back mooring lines are 2.94 m unstretched and 4.0 m
stretched. The difference is again due to bed connection
availability. At rest, the centre of the submerged buoy
is 0.16 m beneath the still water surface. The floating
mooring buoy is 0.11 m diameter and 0.087 kg, and
is connected to the submerged buoy by a light cord
(0.38 m centre to centre), and connected to the bow float
(0.68 m centre to fairlead) with a single elastic exercise
band of the same type. Both configurations have line
pre-tensions approximately between 13 N and 15 N.

B. Wave conditions

Eleven wave conditions are generated based on JON-
SWAP spectra [7] with different values of significant
wave height (Hm0) and peak period (Tp), with a peak
enhancement factor γ of 3.3 for all conditions. These
wave conditions are defined in Table 1. Sea states
have a repeat time Tr of 2048 s which gives frequency
increments ∆f of 1/2048 Hz. Run times are set to
2100 s to ensure that there is a full stationary repeat
period after all frequency components have arrived at
the model position. The final Tr seconds of data is
used for spectral and statistical analysis as presented
in Section III.

TABLE I
TARGET WAVE CONDITIONS

ID Hm0 Tp γ

1 0.06 1.21 3.3

2 0.06 1.39 3.3

3 0.06 1.78 3.3

4 0.09 1.21 3.3

5 0.09 1.39 3.3

6 0.09 1.78 3.3

7 0.13 1.21 3.3

8 0.13 1.39 3.3

9 0.13 1.78 3.3

10 0.16 1.39 3.3

11 0.16 1.78 3.3

C. Instrumentation
For all experiments we measure mooring line loads

at the bed on the front mooring line Ffront (see Figures
1–4) using Futek submersible load cells. Six degree-of-
freedom (DoF) body motions are recorded for all five
floats using a Qualisys camera-based motion capture
system, which we use to compute the hinge angle θ.
In addition, surface elevations at three x locations are
measured using resistance-type wave gauges (7.8 m,
14.8 m and 15.3 m from the wavemakers), noting that
the mooring buoy (Config. 1) and submerged buoy
(Config. 2) are installed at 14.4 m.

III. RESULTS

A. Statistical comparison between mooring configurations
1) Bed forces: Figures 7, 8 and 9 show the max-

imum, standard deviations and wave-induced mean
bed forces as a function of Hm0 for different values
of Tp. Values are presented against measured Hm0

calculated as Hmo = 4
√∫∞

0
S(f)df where S(f) is

the measured energy density spectrum. Peak forces
in Figure 7 are presented after removing the mean to
show the dynamic load whilst mean forces in Figure
9 are given after removing the pre-tension determined
at the start of each test (to account for a slow sensor
drift), thus leaving the wave-induced mean force. It is
evident that maxima, mean, and standard deviations
are comparable for both mooring configurations, yet
maxima and standard deviations are slightly higher
for Config. 2. This was an unexpected result, yet both
mooring configurations offer significant reduction on
dynamic forces compared with an inextensible line and
a single elastic line. Both configurations 1 and 2 reduce
dynamic loads relative to an inelastic line [6] by around
a factor of 15, and reduce dynamic loads relative to
a single elastic line [5] by around a factor of 2 after
accounting for model scale (according to Froude). Total
loads (including wave-induced mean and pre-tension)
are reduced by approximate factors of 9 and 1.3 for
both configurations when compared to an inelastic and
a single-elastic line respectively. It is to be noted that
the conditions and WEC float configurations varied
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between these experiments and so did the realisations
(phases) so these values are approximate. This is still
a good indication on performance as for each set
of experiments, cases were generated up to limiting
steepness for a range of peak periods including those
close to the model natural frequencies.

Larger forces (maximum, mean and standard devia-
tions) are evident for Tp = 1.2 s for equivalent values of
Hm0 due to the higher wave steepness and proximity of
the dominant wave frequencies (fp = 1/Tp = 0.833 Hz)
to the pitch natural frequency of the mid-stern floats
(approximately 0.9 Hz).

2) Hinge angle: Figures 10 and 11 show the maxima
and standard deviations of the hinge angle θ as a
function of Hm0 for different values of Tp. Values are
near-identical between both mooring configurations
demonstrating that although the peak mooring line
loads were larger for Config. 2 this does not affect the
device motions, thus highlighting an independence on
the mooring design on response and hence power out-
put in operational conditions if sufficiently compliant.

B. Spectral analysis
Bed force spectra are presented in Figure 12 for the

largest Hm0 value for each Tp (cases 7, 10 and 11). The
peak frequency for each case is indicated by the dashed
blue line. There are some large differences between
the spectra indicating that configuration 2 results in
significantly reduced forces at the wave frequencies,
yet much larger forces at around 0.07 Hz close to the
surge natural frequency (expected around 0.08 Hz and
indicated on the figures as a vertical black dashed line).
The reasons behind this are complex and remain not
fully understood. This is, however, observed for all
wave conditions tested. Thus, the dual buoy configu-
ration, despite being associated with larger peak loads,
is associated with a reduction in the number of load-
ing cycles which may be beneficial for mooring line
fatigue. The mooring design should therefore be done
in conjunction with fatigue testing of elastic moorings
to optimise the lifetime of the mooring system.

Hinge angle spectra are presented in Figure 13 for
the largest Hm0 value for each Tp. Peaks are observed
at the peak wave frequency and the pitch natural
frequency indicated by dashed blue and black lines
respectively. These become a single peak for Tp = 1.2 s
and Tp = 1.4 s where the natural frequency in pitch
closely aligns with the peak wave frequency. There is
virtually no difference between the mooring configura-
tions indicating that the mooring design and associated
loading spectra do not affect the device motions and
power performance, and if suitably compliant to allow
motion, can be designed separately from the electro-
mechanical aspects of the WEC system.

IV. CONCLUSION

It is well known that elastic mooring cables reduce
snap loads compared to inelastic cables but the most
effective configurations have yet to be established and
quantified. Here we consider two taut-slack systems.
The most obvious has a single mooring buoy at the

Fig. 7. Maximum bed force as a function of Hm0 for different values
of Tp

water surface attached to the bed by three elastic lines
with sufficient pre-tension to avoid going slack in any
wave condition. The three lines at 120◦ intervals limit
the horizontal footprint. We consider the tension loads
at the bed determining the anchor loads. The buoy is
attached to the fairlead on the bow float by a hawser.
This reduces snap mooring forces by a factor of about
15 below a single inextensible cable and about two
below that for a single elastic cable. In an attempt
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Fig. 8. Standard deviation of bed force as a function of Hm0 for
different values of Tp

to reduce loads further the three taut cables in pre-
tension are attached to a submerged buoy, smaller
than the single buoy, always below wave troughs,
so that wave loads on the buoy will be reduced. A
smaller surface buoy is attached to this buoy by a short
cable and there is a hawser from the surface buoy
to the fairlead on the bow float. This is thus a two-
buoy taut-slack system. Counter intuitively the peak
loads are slightly increased. The force spectra are also

Fig. 9. Mean wave-induced bed force as a function of Hm0 for
different values of Tp

modified with reduced energy at the wave frequencies
and more at the surge natural frequency which may be
beneficial for fatigue life. The relative angular response
between bow-mid and mid-stern floats is effectively
unchanged between configurations as expected from
previous experience. The elastic mooring systems are
highly nonlinear and complex dynamically and there
is clearly scope for further mooring optimisation as
investigated by [8].
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Fig. 11. Standard deviation of hinge angle as a function of Hm0 for
different values of Tp

Fig. 12. Amplitude spectra of bed force shown for the maximum
Hm0 value for each Tp (cases 7, 10 and 11). The peak wave frequency
and theoretical pitch natural frequency are indicated by blue and
black dashed lines respectively

Fig. 10. Maximum hinge angle as a function of Hm0 for different
values of Tp
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Fig. 13. Amplitude spectra of hinge angle shown for the maximum
Hm0 value for each Tp (cases 7, 10 and 11). The peak wave frequency
and theoretical surge natural frequency are indicated by blue and
black dashed lines respectively
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