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A B S T R A C T   

The mooring system can affect the motion and energy output characteristics of a WEC. This study investigated 
the effects of an SPM mooring system in a M4 6-float WEC. The scaled model of M4 was modelled via both 
Orcaflex and experimental approaches. Compared with experimental results, the accuracy of the numerical re-
sults was found to be sensitive to the simulation methods in OrcaFlex, and the filter method supplied a better 
agreement with experimental results in this study. Following the numerical method selection, another two 
mooring cables were introduced to compare different stiffness properties with respect to tension reduction. 
Compared with the other two mooring cables, cable 3 with negative bending has the lowest peak spectral density 
of tension in all wave conditions; however, its stiffness needs to be optimised to reduce the peak tension in some 
large wave conditions. According to this, the stiffness of cable 3 is initially adjusted, and the new cable 3 can 
reduce up to 30% offset distance and 50% peak tension. The results also found that the relative rotational motion 
of the M4 is not sensitive to stiffness properties, which means the future PTO selection could be independent of 
the mooring cable.   

1. Introduction 

Wave energy has significant potential to contribute to the offshore 
renewable energy industry thanks to its high energy density and wide-
spread distribution (Pacaldo et al., 2022; Shi et al., 2022; Yang et al., 
2022). As a result, the wave energy converter (WEC) has sparked 
considerable research and industry interest, leading to significant de-
velopments regarding its structure and working principles (Aderinto and 
Li, 2018; Ahamed et al., 2020). Many WEC projects have reached a sea 
trial level close to commercial applications (Antonio, 2010; Liu et al., 
2016; López et al., 2013; Sun et al., 2021). However, compared to other 
offshore renewable technologies, WECs face several challenges, 
including low capacity and durability (Astariz and Iglesias, 2015; 
Clément et al., 2002). For instance, the capacity of a typical offshore 
wind turbine can easily reach 10 MW, yet it is uncommon for a single 
WEC’s capacity to exceed 2 MW. Consequently, large wave energy 
projects may not always be cost-effective. 

In efforts to increase the output power of WECs, more projects are 
aiming for offshore deployment, providing flexible deployment oppor-
tunities and access to more abundant wave energy resources. However, 

the harsh offshore environment presents significant challenges for the 
design of the WEC’s mooring system. Compared to other offshore 
structures, the WEC mooring system design is more complex as it needs 
to consider a wider range of factors, including mooring line dynamics 
during resonant wave frequencies, water depth, device array effects, and 
Power Take-Off (PTO) characteristics. For example, an oscillating body 
WEC typically extracts energy from its relative motion, so an overly rigid 
mooring system may reduce energy output. Xu et al. (2019) conducted a 
comprehensive review of different mooring systems in WEC projects and 
proposed a design process for the WEC mooring system. Given these 
considerations, the mooring system is often a high-cost element within a 
wave energy project, accounting for up to 30% of the overall WEC device 
cost (Thomsen, 2015). Many previous studies have focused on the 
mooring system selection for the WECs. For example, free hanging 
catenary/multi-catenary moorings and Catenary Anchor Leg Mooring 
(CALM) or single anchor leg mooring (SALM) is found to be a better 
solution for large dimensional WEC (Harris et al., 2004). The hybrid 
mooring system, including the mooring cable and floaters, performed 
better than the single moorings in the WEC application (Fonseca et al., 
2009; Xu and Soares, 2020). 
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Recently, novel mooring components with nonlinear damping 
properties have been integrated into WECs, demonstrating substantial 
advantages in tension reduction and device motion stabilisation. In 
Wang et al. (2022), a passive damper, known as Exeter tether, could 
reduce up to 67% peak tension and 25% required mooring diameter 
under the identical mooring configuration. Nonlinear polyester ropes 
were also recommended in the WEC mooring design owing to their 
advantages with respect to peak load reduction (Thomsen et al., 2015; 
Weller et al., 2015a, 2015b). However, the literature has tended to focus 
on individual nonlinear mooring components, potentially limiting the 
general applicability of the results. Recent studies on the compatibility 
between nonlinear damping properties and PTO types have also been 
limited. This paper investigated the effects caused by a hybrid mooring 
system in a 6-float attenuator-type WEC known as M4. The University of 
Manchester research team first promoted the M4 concept, and the early 
prototype has three floating bodies that extract wave energy from their 
relative motions (Stansby et al., 2015). Recently, a new M4 with six 
floaters and two PTOs was tested in an ocean basin testing. The capacity 
of each PTO can reach 1–2 MW at full scale, potentially increasing 
further with the addition of more floats and controls (Liao et al., 2021); 

This paper can be regarded as an ongoing numerical exploration, 
building on the experimental study of M4 in 2022, which demonstrated 
the potential of elastic mooring lines with nonlinear stiffness properties 
in significantly reducing extreme snap - up to 1/6th of those observed 
with inelastic cables (Stansby et al., 2022). Nonetheless, it’s important 
to acknowledge that the stiffness of certain materials, such as rubber 
(Cambridge, 2023), can show substantial variation under different ten-
sion or extension ratios. With this consideration, this study also inte-
grated another nonlinear mooring cable, bearing a completely different 
stiffness curve from the experimental cable (referred to as E2), into the 
numerical model to further probe the effects of nonlinear mooring ca-
bles. Moreover, significant numerical errors were discovered in the 
Oraflex in the experimental study. As a response to these errors, an 
alternative simulation approach was selected within Orcaflex to 
enhance its operational performance. 

The remainder of this paper is organised as follows: Section 2 in-
troduces the numerical modelling of the M4 with mooring configura-
tions. Section 3 compares the results from numerical simulations and 
basin tests. The tension and energy delivered results are introduced in 
section 4. Section 5 discusses the main findings in light of potential in-
dustrial applications and further R&D requirements. Section 6 concludes 
with the main findings and outcomes. 

2. Numerical modelling 

This section introduced the simulation approach used in this study, 
including the numerical model overview and the mooring system 
configuration. 

2.1. Model illustrations 

The numerical model, including frequency-domain and time-domain 
modules, has been used in other authors’ studies (Zhao et al., 2021a, 
2021b). As presented in Fig. 1, the hydrodynamic coefficients of the 
single buoy and interaction between multi buoys are calculated by a 
frequency-domain solver, OrcaWave. The nonlinear forces, such as the 
mooring and PTO loads, will be considered in the time domain with a 
solver known as the OrcaFlex (Manual, 2006). The output of this 
time-domain module includes i) the Hydrodynamic Response of the 
device, ii) the Tensile load of the mooring system, and iii) the Energy 
output of the PTO. 

Owing to nonlinear forces consideration, the governing equation of 
the individual float under the time-domain module is presented as: 

[M+m∞]ξ̈(t)+
∫ t

− ∞
H(t − τ)ξ̇(τ)dτ+([Vvis])ξ̇(t)+([K])ξ(t)=[F1(t)]+[F2(t)]

+[Fmoor]+[FPTO]+ [Fc]

(1)  

where [M+m∞] is the mass matrix under 6-DOFs (including the added 
mass matrix for ω→∞m∞), H(t) is the retardation function matrix which 
can be obtained from the convolution integrals of frequency-dependent 
damping matrix Hd, [Vvis] is the viscous damping matrix which is ob-
tained by scaled wave tank experiment (Huang et al., 2018). [K] is the 
hydrostatic stiffness matrix, ξ is the WEC’s displacement matrix, [Fmoor] is 
the mooring line’s force matrix and [F1(t)] is the first-order wave force 
matrix. [F2(t)] is the second-order force matrix calculated by the far-field 
formulation. The hydrodynamic coefficients used in eq. (1) have 
considered contributions and interactions from all 6-DOFs, which are 
calculated by a boundary solver OrcaWave (Orcina, 2016). [FPTO] and 
[Fc] are the PTO resistance force and connection forces between 
multi-buoys. The single float is generalised to multiple floats by con-
straints in Orcaflex, which can fix/release the motion under individual 
DoF. For the M4, relative pitch motion between the middle and rear 
buoys is released. 

2.2. Model configuration 

2.2.1. M4 scaled model 
The OrcaFlex model is constructed based on the physical test of the 

M4 scaled model, which was tested in the Lir Ocean Basin at University 
College in Cork, Ireland (Moreno and Stansby, 2019; Stansby et al., 
2022). The M4 model was scaled down by a 1:50 ratio in accordance 
with the Froude principle during the test. The specifications of the M4 
scaled model are outlined in Fig. 2. Moreover, the buoy mass listed in 
Table 1 takes into account the mechanical connection structure. Addi-
tional information regarding the basin test configuration and results can 
be found in the preceding experimental study (Stansby et al., 2022). The 

Fig. 1. The numerical model overview includes a frequency- and a time-domain model.  
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findings from these experiments are used in this study to validate and 
calibrate the Orcaflex model. 

2.2.2. Mooring system configuration 
In contrast to other offshore floating structures, the mooring system 

for WECs requires a balance between reliability and energy output. A 
poorly designed mooring system could decrease the energy conversion 
efficiency of a WEC, making it less cost-effective. Recent evidence sug-
gests hybrid mooring systems outperform their single-mooring coun-
terparts in WEC applications (Harris et al., 2004). As such, the scaled 
M4’s mooring system is specifically designed to accommodate two 
mooring lines and a surface buoy in a configuration known as a slack 
moored system, as depicted in Fig. 3. The mooring line that connects the 
surface buoy to the basin floor is referred to as the bottom line, while the 
remaining line is termed the upper line. 

The surface buoy weighs 87 g, and its dimension is relatively small 
compared to the M4 scaled model. So, the Morison equation calculated 
the hydrodynamic response of this surface buoy (Aamo and Fossen, 
2000) rather than the diffraction analysis under the frequency domain. 
For the mooring line, the drag force is considered by the same approach 
as the crossflow principle. The fluid velocity relative to the line is split 
into its components vn and vz normal and parallel to the line axis. The 
drag force normal to the line axis is then determined by vn and its x- and 
y-components vx and vy; the drag force parallel to the line axis is 
determined by vz. The drag force are calculated by the drag coefficients, 
CDx, CDy and CDz, and the drag areas appropriate to each direction. 

fdx =
1
2

pρdnlCDxvx|vn| (2)  

fdy =
1
2

pρdnlCDyvy|vn| (3)  

fdz =
1
2

pρπdalCDzvz|vz| (4)  

Where p is proportion wet, ρ is the water density, dn the normal drag 
diameter, l is the length of line represented by the node. da is the axis 
drag diameter. 

The tension on the mooring line is calculated by its stiffness k, and 
strain. The nonlinear stiffness design is believed to reduce the peak load 
on the mooring line (Thies et al., 2014). Therefore, the bottom line used 

Fig. 2. Elevation of M4 system with dimensions (Moreno and Stansby, 2019).  

Table 1 
Properties of M4 scaled model.   

Front buoy Middle buoy Beam buoy 

Mass (kg) 2.8 6.2 17.5 
Mass centre position on z-direction (m) − 0.048 − 0.067 − 0.09 
Radius of gyration Rx (m) 0.055 0.071 0.101 
Radius of gyration Ry (m) 0.055 0.071 0.101 
Radius of gyration Rz (m) 0.065 0.082 0.116  

Fig. 3. The mooring configuration: (a). M4 scaled mode (Moreno and Stansby, 
2019); (b) Orcaflex model. 
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in the basin test has a nonlinear stiffness shown in Fig. 4. Another two 
mooring lines with different stiffness curves are also selected in the 
numerical model to supply the comparison research. Cable 1, utilised in 
the basin experiment (named by E2), serves as the bottom mooring line. 
It features neutral buoyancy, floating with a slight volume above the 
water and a minimal dry mass. The specific material of the bungee cord 
is not explicitly known due to the proprietary secret. But its physical 
properties, including the stiffness information, are known. Other details 
can be found in the previous experimental study (Stansby et al., 2022). 
Cable 2 functions as a linear mooring cable comprising Polyester, a se-
lection made from the OrcaFlex database to satisfy stiffness re-
quirements. Cable 3, known as the Exeter tether (shown in Fig. 5), is a 
product of the University of Exeter. Its structure includes a hollow 
braided rope as an outer layer and load carrier, a radially compressible 
core functioning as an elastic hysteretic damper, and an anti-friction 
screen sandwiched in-between. This unique design allows the Exeter 
tether to exhibit variable stiffness in response to different tensile loads 
(Gordelier et al., 2015). Generally, nonlinear mooring lines can have 
different stiffness performances with varying damper configurations 
(Pecher et al., 2014). Nonlinear mooring lines also can enhance the 
survivability of the WECs under harsh marine conditions. They are 
designed to handle substantial displacements and deformations, thereby 
ensuring the WEC’s safety and effective operation even under severe 
wave conditions. Moreover, the tension in the mooring doesn’t increase 
linearly with extension owing to factors such as elasticity, weight, hy-
drodynamic loading, among others. By incorporating these nonlinear 
aspects, the Orcaflex can get more accurate predictions of the WEC’s 
dynamic response. So, the comparison study between cable 1 and cable 
3 cases would be helpful for the design of dynamic/passive damper used 
in the nonlinear mooring system. The upper mooring line’s properties 
are linear and maintain the same in all cases. Other properties of 
mooring cables are shown in Table 2. 

3. Comparison of the simulation and basin test 

The potential flow theory has some limitations in handling the 
floating structures’ large motion amplitude under the time domain 
owing to the mean wet surface used in the diffraction analysis. Based on 
the Orcaflex manual, " … When diffraction analysis data are used in 
OrcaFlex, these two approaches are in conflict: the diffraction analysis 
approach says that the wave height is so small that the loads applied to 
the vessel are tiny and it therefore does not move, but the time-domain 
method, using full wave height, is continually updating the loads as the 
vessel moves in response to those very same loads. The greatest risk is 
that quadratic loading on a vessel is applied twice: once by use of QTF 
data, and once by applying the linear diffraction analysis loads using the 

instantaneous state of the system. Orcaflex refers to this as double- 
counting part of the loading defined by QTF data … " (Orcina, 2022). 

To address this numerical issue, OrcaFlex applies two methods, 
Filtering and QTF modifications, to remove the second-order loading 
contributions which arise naturally in the time domain. The principle of 
these two methods is: i) The Filtering model avoids the contributions 
arising in the time domain model via filtering/dividing the floater mo-
tion into wave response motion and low-frequency motion; ii) The QTF 
modification model can allow the contributions to arise naturally in the 
time domain model, but remove them from the second order loads. More 
details of the difference between the two approaches can be found in the 
Appendix. 

The Filter and QTF modification methods should yield similar hy-
drodynamic responses for a simple-structure floating body interacting 
with small-scale waves. However, the difference between the outcomes 
of these two methods may become more pronounced when dealing with 
complex structures and larger waves. Consequently, this section will 
compare the numerical findings of both methods against experimental 
results to identify the most fitting simulation approach for the M4 WEC. 

The wave conditions used in the numerical model are defined by the 
JONSWAP spectrum with spectral peakedness γ = 3.3 and 1 m water 
depth, identical to the basin test (Table 3). Additionally, the simulation 
time of each case is 600s, also matching the experimental configura-
tions. However, the simulation includes an extra 8s (from -8s to 0s) to 
start up the simulation gradually. In addition, the explicit calculation 
with "always use the recommended time step" is selected for better so-
lution convergence. More details of the explicit method can be found in 
Manual, (2012). 

The tension loading outcomes for the bottom mooring line are dis-
played in Fig. 6. A review of the data reveals that both computational 
methods align reasonably well with the experimental results. The dif-
ference between the two numerical methods is negligible for the average 
tension results when wave heights are small (as seen in case 1 to case 4). 
Nevertheless, these differences begin to grow under conditions of larger 
waves (case 5 to case 7), with the Filter model significantly out-
performing the QTF model in terms of tension prediction. When it comes 
to maximum tension, both numerical models considerably underesti-
mate the results. This discrepancy may be attributable to two factors: i) 
wave overtopping and ii) reflected waves from the beach during the 
experiment. The wave overtopping could result in additional downward 
pressure and an increase in the tensile load on the mooring line. The 
wave reflections, which the numerical model couldn’t consider, could be 
significant enough over the 600s time-length to account for the diver-
gence between numerical and experimental results. 

As shown in Fig. 7, the Filter model also performs better in the 
rotation results from prediction, except for the max rotation results in 

Fig. 4. The stiffness curve of the three cables in the numerical model, cable 1 is also used in the basin test.  
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case 5. The Filter model overestimated the rotation amplitude up to 
50%. According to Fig. 7 (a), the peak relative rotation amplitude would 
appear at between 1.2s and 1.4s, which means the natural period of the 
M4 scaled model may locate in this range. As a result, the numerical 
errors were relatively more significant in these cases. 

The PTO used in the basin test is a pneumatic cylinder damper, 
supplying an approximate linear damping. Limited by the experimental 
conditions, the PTO was only engaged in the small/moderate wave 
cases. Additionally, the differences caused by the two simulation ap-
proaches are not significant under the operational waves. Therefore, 

only the filter model was selected in the PTO case comparisons. The Hs in 
the PTO cases is 0.04 m, and Tp ranges from 1s to 1.8s. The average 
power results comparisons are shown in Fig. 8. It was found that the 
results from the Orcaflex and basin test followed the same trend. Similar 
to the non-PTO cases, the Orcaflex underestimated the average output 
power, and the differences were more significant when the wave periods 
were shorter than 1.4s. The linear model in the previous study also 
underestimated by up to 30% around 1.4 s but showed close agreement 
for larger Tp (Moreno and Stansby, 2019). 

As illustrated in Figs. 6 and 7, the Orcaflex corresponds well with the 
experimental outcomes under small wave conditions but shows a less 
satisfying correlation under severe wave conditions. This discrepancy is 
attributed to the potential flow limitations when there is a significant 
change in the buoy’s wet surface. The latter provides superior pre-
dictions in all mean results when comparing the QTF and Filter methods. 
Although the QTF shows marginally better performance predicting the 
maximum tension results, the difference is insignificant. Consequently, 
given these considerations, the Filter method is the preferred choice for 
this study. 

4. Results 

This section presents the numerical simulation’s main results, 
including i) tensile load on the bottom lines, ii) the M4 motion, and iii) 
an initial adjustment of cable 3 stiffness properties. 

4.1. Tensile load on the bottom mooring line 

As described in Section 2, the bottom line is designed with three 
varying stiffness levels. To facilitate a more effective comparison, the 
results within the frequency domain are categorised into three groups, as 

Fig. 5. The concept and manufacture of the Exeter tether.  

Table 2 
The properties of mooring cables.   

Stiffness (N/m) Diameter (m) Mass (kg/m) 

Upper mooring line 98.37e3 0.0082 0.072 
Bottom mooring line (cable 1) Shown in Fig. 4 0.008 0.05 
Bottom mooring line (cable 2) 0.008 0.05 
Bottom mooring line (cable 3) 0.008 0.05  

Table 3 
The wave conditions.  

Case Significant Wave height Hs (m) Peak Wave Period (s) 

1 0.057 1 
2 0.059 1.2 
3 0.057 1.4 
4 0.056 1.8 
5 0.116 1.2 
6 0.142 1.4 
7 0.144 1.8  

Fig. 6. The tension on the bottom mooring line in the numerical and experimental models: (a) mean tension, (b) max tension.  
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shown in Fig. 9. The first group, or Fig. 9a, consists of cases with small 
significant wave heights (approximately 0.057 m) and varying peak 
wave periods (ranging from 1s to 1.8s). Fig. 9b presents the results with 
a relatively higher wave height (0.143 m) and peak wave periods of 1.4s 
and 1.8s. Fig. 9c illustrates the comparative results between different 
wave heights and identical wave periods. Two peaks can be identified in 
the tension frequency results, attributed to low-frequency drifting and 
wave response. Given that low-frequency drifting can cause a substantial 
offset for the scaled model, the low-frequency peak exhibits a higher 
spectral density. Furthermore, the experimental results in the frequency 
domain also recognise the peak due to low-frequency drifting, thereby 
validating the numerical model, as observed in Fig. 10. 

Moreover, these two peaks can be influenced by the properties of the 
mooring line. For the wave response peak, the spectral densities were 
considerably reduced by cables 2 & 3, with cable 3 providing the lowest 
density. For the low-frequency peak, both the peak frequency and 
spectral density are affected by these three cables, but no specific cable 
can be seen to consistently reduce the peak amplitude across all cases. 
Nevertheless, cable 3 consistently offers the relatively smallest spectral 
density and the lowest peak occurrence frequencies in all instances. 

It is worth mentioning that the spectral density of tension can only 
reflect the mean tension load on the mooring cable rather than the 
maximum tension. With this consideration, Fig. 11 shows the mean and 
maximum tension in cases 4 & 5. It is found that the mean tension of 
cable 3 is smaller than the other two cables in both cases. The largest 
maximum tension is observed on cable 3 in case 5, which is caused by 

the large motion of the model (shown in Figs. 11 and 7). According to 
Fig. 4, the tension (stiffness) of cable 3 sharply increases when its strain 
exceeds 35%. 

4.2. Motion characteristics 

The relative movement between the four front/mid buoys and the 
two rear buoys is crucial to the design of the M4, especially concerning 
the position and constraints of the joint structure. The effects of different 
mooring cables on relative motion are depicted in Fig. 12. Echoing the 
tension results, cases 4 and 5 are chosen for illustration. No noticeable 
differences in relative motion caused by varying mooring cables are 
detected. The most significant discrepancy is less than 5% for both mean 
and max results, which suggests that the different mooring cables will 
exert a negligible impact on the installation and connection design of the 
M4. 

Contrary to the rotation motion, the mooring cable significantly af-
fects the translational motion. In case 4 (Fig. 13a), the strain imposed on 
the bottom mooring cable by the device is minimal. Cable 3 is quite 
flexible, with its slight strain leading to a relatively larger offset and 
reduced tension. However, under more severe wave conditions 
(Fig. 13b), the tension in cable 3 dramatically escalates once the device 
offset surpasses 0.6 m due to its rapidly increasing stiffness. 

It is also observed that the maximum tension does not coincide with 
the device’s largest offset, especially under large wave conditions (as in 
case 5). This is because the motion under other degrees of freedom can 

Fig. 7. The relative rotation degree in the numerical and physical model: (a) Mean, (b) Max.  

Fig. 8. The PTO cases comparison between Orcaflex and the basin test for single PTO.  
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primarily contribute to cable strain. The results in Fig. 14 reveal that the 
peak tension occurs in conjunction with the largest heave motion of the 
front buoy, rather than the model’s x-offset, around 300 s. 

4.3. Cable 3 properties adjustment 

The frequency-domain tension results (Fig. 9) highlight the benefits 
of cable 3 in tension reduction. However, time domain results (Fig. 13) 
reveal that the current cable 3 tends to be overly flexible under low- 
tension loading and excessively stiff under high-tension loading. 
Therefore, we adjusted the stiffness properties of cable 3 in this section. 
It’s crucial to note that this adjustment aims to demonstrate the poten-
tial of cable 3 (or cables with similar stiffness properties) in tension and 
drift reduction, not to quantify the optimal properties. 

The approach to adjusting the stiffness properties is threefold: i) Fit a 
curve to the current stiffness properties; ii) Adjust the curve parameter 
based on time-domain results and engineering constraints; iii) 

Implement the new properties in the numerical model and compare the 
device motion characteristics. Here, the stiffness curve of cable 3 was 
fitted using the 2nd polynomial method (y = ax2+bx + c), yielding an R- 
square value of 0.987 (Table 4 and Fig. 15). As shown in Table 4, the c is 
limited to zero, and we increase the a, b to change the bending of the 
new cable 3’s stiffness curve. 

The offset and tension change caused by the stiffness adjustment are 
shown in the figure. Under the small wave case (Fig. 16 a), the new cable 
3 can reduce around 30% maximum offset distance with a similar peak 
tension. The advantages caused by the stiffness adjustment are more 
significant under large wave cases (Fig. 16 b), with a 50% peak tension 
reduction and a 10% offset distance decrease. 

5. Discussions 

This study provided insights into the performance of the SPM 
mooring system in a M4 6-float WEC. Using OrcaFlex simulations, the 
study could accurately simulate various nonlinear patterns for the 
mooring lines. The findings from this study underscore the complexity of 
the interactions between the WEC and its mooring system and highlight 
the importance of comprehensive and multifaceted evaluations in 
optimising these systems. 

One of the significant findings of this study was the impact of cable 
stiffness on the tension load of the mooring system. Specifically, cable 3, 
characterised by its negative bending, consistently displayed the 
smallest spectral density and the lowest peak occurrence frequencies 
across all cases. Despite this, cable 3 also demonstrated the largest 
maximum tension in some cases, indicating the need for its stiffness to be 
optimised to improve its performance under a range of wave conditions. 
This discovery suggests that while certain cables may be advantageous 
in some aspects, such as tension reduction, they may also present chal-
lenges in others, such as handling high-tension loads. Therefore, a bal-
ance needs to be struck when choosing the mooring cables for a WEC. 

Another key finding was that different mooring cables had a negli-
gible impact on the relative motion between the buoys of the M4. This 
suggests that the design of the installation and connection of the M4 can 
be relatively independent of the mooring cable choice. However, the 
mooring cable significantly affected the translational motion, empha-
sising the complexity of the interactions between the mooring system 
and the device dynamics. 

Interestingly, the study found that the maximum tension did not 
always occur at the device’s largest offset, especially under larger wave 
conditions. This implies that other factors, beyond just the device’s 
offset, can contribute significantly to cable strain. This discovery high-
lights the need for comprehensive assessments that take into account a 
wide range of factors when evaluating the performance of a mooring 
system. 

The study also investigated the performance of the newly adjusted 
cable 3, which reduced up to 30% of the maximum offset distance and 
similar peak tension in small wave cases. This suggests that adjusting the 
stiffness properties of mooring cables might be a promising approach to 
optimising the performance of WECs. 

In conclusion, this study offers critical insights into the dynamics of a 
multi-float hinged WEC with a nonlinear mooring system. The findings 
underscore the importance of selecting the right mooring cables and 
adjusting their properties to optimise the performance of the WEC. 
Future research could explore the long-term performance and durability 
of different mooring cables under a range of operational conditions, as 
well as further optimisation of stiffness properties for tension reduction 
and performance enhancement. 

6. Conclusions 

This research examined the hydrodynamic and energy output per-
formance of the M4 WEC employing different mooring cables (two 
nonlinear and one linear mooring cable). The primary conclusions 

Fig. 9. The tensile load of the bottom line under the frequency domain, cable 1 
has the same stiffness characteristic as in the basin test. 
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drawn are as follows: 

a. Significant discrepancies may arise from the two simulation meth-
odologies provided by OrcaFlex. Given this, comparison research is 
strongly recommended when floating bodies are anticipated to 
encounter large motion amplitudes. For this study, the filter method 
aligns more closely with experimental results than the QTF method. 

b. The nonlinear mooring components predominantly impact the ten-
sile load resulting from the first-order wave response. Mooring cables 
exhibiting a negative bending stiffness curve (where the curvature of 
the stiffness curve is negative, as in cable 3 in this study) provide the 
best reduction in mean tension.  

c. Both the tension and the device’s offset are influenced by the stiffness 
properties of the mooring cable. In this study, cable 3 was too flexible 
under light loads and overly rigid under high loads. The stiffness 

Fig. 10. The comparison of Orcaflex and Basin test mooring force frequency-domain results, Hs = 0.116 m. Tp = 1.2s.  

Fig. 11. The mean and maximum tension in case 4&5:(a) mean tension, (b) maximum tension.  

Fig. 12. The mean and maximum rotation in cases 4&5: (a) mean rotation, (b) max rotation.  
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properties of cable 3 were modified by altering the parameters of the 
fitted stiffness curve. The adjusted cable 3 can decrease the offset 
distance by up to 30% and the peak tension by 50%.  

d. The relative pitch motion between the front and rear buoy of the M4 
(from which the PTO system extracts energy) is not sensitive to the 
stiffness properties of the mooring cable. 

e. The nonlinear mooring components primarily affect the M4’s drift-
ing offset rather than its relative rotation motion. 

Fig. 13. The tension of bottom cable vs device offset: (a) Case 4, (b) Case 5.  

Fig. 14. The tension of cable 3 and the heave displacement of front buoy in case 5.  

Table 4 
Cable 3 stiffness curve fitness.   

Cable 3 before adjustment Cable 3 after adjustment 

Fitted curve y = 0.06425x^2-1.493x+7.065 y = 0.332x^2-0.06397x 
R-square 0.987 N/A  

Fig. 15. Cable 3 stiffness adjustment.  
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Appendix 

Prevention using filtering approach 

OrcaFlex can follow the example set by diffraction analysis, and limit 

the interaction between vessel loading and response.  

• Rotation of applied load components out of the horizontal plane is 
ignored by use of heading frames when appropriate. 

• The vessel motion is filtered to remove the instantaneous wave fre-
quency response, and that filtered motion can be used as an appro-
priate input when updating diffraction analysis loads. 

When OrcaFlex applies diffraction loads using these filtered re-
sponses, only the provided QTF data contributes any nonlinear load 
from diffraction effects. In some simulations, Filtering the frequency 
content of instantaneous response may be difficult in the time domain, 
and it is difficult to achieve perfect separation of loading and response. 

Prevention using QTF modification approach 

OrcaFlex can also prevent double-counting of QTF loads by filtering 
the diffraction analysis results, instead of the time domain behaviour. 
Perfect filtering can be achieved in diffraction analysis, because it is 
conducted in the frequency domain, and the filtering is implemented in 
OrcaFlex by simply subtracting common second order loads from the 
input QTF data. Common second order loads are those which arise from 
more than one source (we use "common" here in the sense of shared, not 
frequently-occurring): they appear as part of the time domain analysis 
when linear diffraction analysis loads are applied using the instanta-
neous state of the system, and also contribute to the QTF data calculated 
in diffraction analysis. 

With this subtraction of the common terms from the original QTF 
data, OrcaFlex can now therefore apply diffraction data using the 
instantaneous state of the system without incorrectly duplicating the 
higher-order effects. Common nonlinear effects that were previously 
truncated to the quadratic term present in the QTF data are now fully 
represented during a simulation. 
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