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Abstract: Wind turbines and floating platform upsizing are major trends in the current offshore wind
development. However, harsh environmental conditions increase the risk of anchor dragging and
mooring failure when deploying large offshore floating wind turbines. Therefore, it is necessary to
design a mooring system for the specific deployment site. This study aims to perform the mooring
system design of a floating offshore wind turbine (FOWT) operated in the South China Sea, which is
a combination of the IEA 15 MW wind turbine and UMaine VolturnUS-S floating platform. Hydrody-
namic coefficients were calculated based on the potential flow theory, considering the environmental
loads in the South China Sea. Additionally, the hydrodynamic coefficients were imported into AQWA
to calculate the time-domain mooring tension. The mooring design parameters, such as mooring
line length, nominal sizes, and anchor point, were determined using the criterion of anchor uplift,
maximum breaking strength, and fatigue life, respectively. The design criterion required that the
anchor uplift is not more than the allowable value, the long-term breaking limit of mooring with
a 100-year return period should be less than the maximum breaking limit, and the fatigue damage
accumulation in 50 years should be safe. The mooring design procedure provides a reference for
mooring system design and safe operation of large floating wind turbines in the South China Sea.

Keywords: 15 MW offshore wind turbine; mooring design; floating foundation; fatigue damage;
maximum breaking limit

1. Introduction

The development and utilization of offshore wind energy around the world in order to
promote the further development of global renewable energy and satisfy the requirements
of carbon emission limitation. According to the Global Wind Report 2023, China will
continue to lead the global wind energy development [1]. Without a doubt, FOWT will
flourish in China. Meanwhile, the subsidy of electricity prices for offshore wind power
generation is reduced. Wind turbines and floating platform upsizing are major trends in
the current offshore wind development to reduce costs and improve power generation
efficiency [2]. According to the statistical data of the International Energy Agency (IEA)
on wind turbines in the last 30 years, the parameters such as tower height and blade
length of wind turbines are constantly increasing with the increase in rated power. Firstly,
the tower height is increased to capture wind resources with less turbulence and higher
speed. Secondly, the larger blades can generate more electricity to reduce the power
generation costs. However, the larger wind turbines and more complex environmental
conditions have higher requirements for the mooring system. For the above reasons, many
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scholars have carried out research on floating wind turbine mooring systems. Chen et al.
present a simulation technology that controls the mooring force in real time based on
the displacement of mooring nodes and calculates the mooring stress response using the
finite element method. It is beneficial to further investigate the impacts of the fluid loads,
the mooring geometry, and material nonlinearity on the real-time structural responses of
mooring lines during their service life [3]. Barrera et al. have presented a groundbreaking
technique for evaluating the fatigue of mooring systems for floating offshore wind turbines
that takes into account the entire lifespan of the structure [4]. Li and Choung used an
artificial neural network to predict fatigue damage in the mooring lines of a floating
offshore wind turbine, in which fatigue damage can be accurately predicted in the time
domain [5]. Wang et al. proposed a new method for predicting mooring tension based on
a neural network [6]. Campanile and colleagues study mooring design and selection for
NREL 5 MW floating offshore wind turbines, considering ultimate, accidental, and fatigue
limit states and providing mooring configuration selection recommendations [7]. Hall and
Goupee proposed a lumped mass mooring line model, demonstrating its effectiveness in
predicting the load of DeepCwind semi-submersible mooring lines [8]. Pillai and colleagues
investigated the impact of single and shared anchor loads on various mooring arrangements
based on the IEA 15 MW wind turbine and the VolturnUS-S reference platform subjected to
environmental conditions representative of the Celtic Sea. The importance of considering
operational and parked design loads is highlighted, but the fatigue analysis of mooring
lines is not considered [9,10]. Xu Sheng et al. employed the T-N curve to calculate the short-
term fatigue damage of point absorption wave energy devices [11]. Ahn et al. investigated
the loads on a 15 MW floating wind turbine tower based on wave conditions, which in
turn analyzed the relationship between the pitching moments at the top and base of the
tower with the wave conditions without regard to the effect of wave conditions on the
mooring system [12]. Zhao et al. analyzed the reliability of a floating wind turbine mooring
system based on the environmental isoline method and studied the relationship between
the extreme tension of the mooring line and environmental parameters [13]. However,
harsh environmental conditions increase the risk of anchor dragging and mooring failure
when deploying large offshore floating wind turbines. Therefore, it is necessary to design a
mooring system for the specific deployment site [14].

The response of the floating platform determines the response of the mooring lines [15].
Chueh et al. proposed a new power control strategy. The 15 MW floating wind turbine
is validated using offshore wind and wave conditions, and it was demonstrated that
the control strategy can decrease the effect of platform motion on power generation [16].
Mazarakos studied the response of the 15 MW floating wind turbine under regular or
irregular waves based on Mediterranean sea wave conditions [17]. Benassai et al. compared
the response of semi-submersible wind turbines under catenary and tension mooring based
on 5-year and 50-year return period wave data in the southern Mediterranean Sea [18]. The
depth of water in the South China Sea is typically shallower compared to the North Sea
in Europe, leading to distinct dynamic response features for mooring and platform [19].
For the design and safety evaluation of mooring lines, hydrodynamic dynamics analysis of
the floating platform is necessary [20]. In this paper, the motion of the floating platform
supporting the wind turbine is analyzed using the environmental conditions in the South
China Sea. The safety of the mooring system is evaluated by the fully coupled analysis
method, including current force, wind load, wave force, and mooring forces. It is important
to design a reasonable mooring line length, which can effectively ensure the quasi-static
response of the mooring floating structure within an acceptable level and reduce the cost
of the mooring line in the overall project [21]. The mooring design parameters, such as
mooring line length, nominal sizes, and anchor point, were determined by the criterion
of anchor uplift, maximum breaking strength, and fatigue life, respectively. The design
criterion required that the anchor uplift is zero, the long-term breaking limit of mooring with
a 100-year return period should be less than the maximum breaking limit, and the fatigue
damage accumulation in the full lifecycle should be safe. The mooring lines maximum
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tension range in the return period of 100 years is predicted using the Weibull distribution
and cumulative fatigue damage based on the design life of 50 years calculated using linear
cumulative damage of Miner’s rule. The mooring design procedure provides a reference
for mooring system design and safe operation of large floating wind turbines in the South
China Sea.

2. Methodology and Design Procedure
2.1. Methodology
2.1.1. Time Domain Motion Equation

The time domain motion response of the floating offshore wind turbine depends on
the wind load, hydrodynamic load, and mooring force. The time domain motion equation
is as follows [22]:

6

∑
i=1

(
Mij + Mij(∞) · x′′

j (t) +
∫ t

0
R(t − τ) · x′j(t)dτ + Kij · xj(t)

)
= Fj

A + Fj
H + Fj

M (1)

where Mij is the structural mass matrix, Mij(∞) is the fluid-added mass matrix at infinite
frequency, x′′

ij, x′ij and xij are, respectively the acceleration, velocity, and displacement of
the floating platform. R is the velocity impulse function matrix, and Kij is the total stiffness

matrix, Fj
A, Fj

H , and Fj
M are, respectively, the wind load, hydrodynamic force, and mooring

force on the floating platform.

2.1.2. Weibull Distribution

The Weibull distribution is a versatile continuous probability distribution capable of
fitting a wide array of distribution shapes. Similar to the normal distribution, the Weibull
distribution is unimodal and describes probabilities linked to continuous data [23]. Its three
parameters include shape, scale, and threshold. If the threshold is set to zero, it becomes
the two-parameter Weibull distribution.

The double-parameter Weibull distribution is as follows:

f (R) =
β

q

(
R
q

)2
(2)

where R is the tension range, β is the shape parameter, q is the scale parameter.

2.1.3. Rain Flow Counting Method and Goodman Correction

The mooring chain tension can be obtained from the following formula:

Ac =
(

πd2
c

)
/2 (3)

σt =
Ft

Ac
(4)

where σt is the stress of the mooring chain, Ft is the tension of the mooring chain at the
fairlead point, dc is the mooring chain diameter Ac is the nominal cross-sectional area of
the mooring chain, which is twice the cross-sectional area of the mooring chain [4].

The rain flow counting method is commonly considered the most dependable ap-
proach for fatigue data analysis in engineering. The rain flow counting method simplifies
stress-time data into complete cycles, using the two parameters of stress amplitude and
mean stress to analyze fatigue damage. This is achieved using the double-parameter
counting method [24].

Figure 1a shows the cycle of the rain flow counting method. The mean stress, stress
amplitude, and corresponding cycle times are derived from the mooring tension curve
calculated in the time domain by the rain flow counting method.
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Figure 1. The rain flow counting method (a) and Goodman correction (b).

The floating offshore wind turbine is exposed to alternating loads during its operation.
Mean stress and stress amplitude greatly affect the fatigue damage to the structure. To
remove the effect of non-zero mean stress, the correction known as the Goodman method
is applied [25]. A visual representation of the correction process is shown in Figure 1b.

σRF = σR
i ·
(

σult −
∣∣σMF

∣∣
σult −

∣∣σM
i

∣∣
)

(5)

where σRF is the stress amplitude after Goodman correction, σult is the ultimate stress, σMF is
the mean stress, σM

i is the mean stress in the i-th cycle, and σR
i is the stress amplitude under

the mean stress of σM
i .

2.1.4. Linear Fatigue Cumulative Damage Rule

From a macroscopic perspective, it is widely accepted that fatigue failure results from
the accumulation of damage caused by fluctuating loads, specifically by each hysteresis
cycle in the local stress–strain diagram. These cycles typically exhibit varying mean and
amplitude, necessitating the accumulation of their respective fatigue damage. At present,
the primary theories for the accumulation of fatigue damage comprise linear cumulative
damage theory, bilinear cumulative damage theory, nonlinear cumulative damage theory,
and additional semi-empirical formulas [26].

In this study, the fatigue damage of the mooring line of the floating offshore wind
turbine was evaluated using the time-domain fatigue analysis method. The advantage of
this approach is that it is not based on any assumptions. In addition, it is considered to
be the most accurate approach for evaluating fatigue damage and serves as a benchmark
for other methods [27]. The linear fatigue cumulative damage rule ignores the influence
of loading sequence on cumulative damage, and the total damage to the structure can
be approximately equal to the linear accumulation of each part of structure damage [28].
First, the mooring line tension of the floating offshore wind turbine under each sea state is
obtained by coupling dynamic analysis, and then the short-term fatigue damage rate under
each sea state is calculated, and then the long-term fatigue damage of the mooring lines is
obtained by probability accumulation.

Ni =

(
σult −

∣∣σi
MF
∣∣

0.5σi
RF

)m

(6)
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D =
n

∑
i=1

ni
Ni

/TST (7)

DLT = D · TLT · p (8)

where Ni is the i-th stress failure cycle number, m is the Wöhler index, which is taken as 4
because of the non-corrosive single slope S-N curve. D is the short-term cumulative fatigue
damage rate, ni is the i-th stress cycle number, and n is the iteration number of the stress
cycle. DLT is the long-term cumulative fatigue damage, TST and TLT are, respectively, the
time of short-term simulation and full lifecycle, and p is the probability of environmental
conditions.

2.2. Design Procedure

The design process of mooring lines is shown in Figure 2. First, after determining
the basic specifications of the platform, Diffraction analysis is carried out along with the
verification of the model hydrodynamic coefficient. Additionally, the initial design of
mooring lines considers the type of mooring lines, initial tension, and safety of mooring
lines. Based on the stability analysis of the platform with mooring lines, the tension
histories of mooring lines are calculated using the motion analysis in the time domain,
and verification is carried out by calculating and comparing each data regarding structural
strength and fatigue strength. Finally, the mooring lines are optimized by changing the
anchor point position, the mooring lines radius, and length.

J. Mar. Sci. Eng. 2024, 11, x FOR PEER REVIEW 5 of 18 
 

 

LT LTD D T p= ⋅ ⋅  (8) 

where iN  is the i-th stress failure cycle number, m is the Wöhler index, which is taken 
as 4 because of the non-corrosive single slope S-N curve. D  is the short-term cumulative 

fatigue damage rate, in  is the i-th stress cycle number, and n is the iteration number of 

the stress cycle. LTD  is the long-term cumulative fatigue damage, STT  and LTT  are, re-
spectively, the time of short-term simulation and full lifecycle, and p is the probability of 
environmental conditions. 

2.2. Design Procedure 
The design process of mooring lines is shown in Figure 2. First, after determining the 

basic specifications of the platform, Diffraction analysis is carried out along with the ver-
ification of the model hydrodynamic coefficient. Additionally, the initial design of moor-
ing lines considers the type of mooring lines, initial tension, and safety of mooring lines. 
Based on the stability analysis of the platform with mooring lines, the tension histories of 
mooring lines are calculated using the motion analysis in the time domain, and verifica-
tion is carried out by calculating and comparing each data regarding structural strength 
and fatigue strength. Finally, the mooring lines are optimized by changing the anchor 
point position, the mooring lines radius, and length. 

 
Figure 2. Design procedure of mooring lines. 

3. Numerical Model and Hydrodynamic Coefficient Verification 
3.1. Turbine and Platform Characteristics 

In this paper, 15 MW wind turbine was selected in the wind technology cooperation 
project Task 37 of the International Energy Agency. Similar to the NREL 5 MW turbine, 
this IEA 15 MW turbine, based in part on the DTU 10 MW reference turbine, is completely 
defined, including the control system and using new blade construction technologies. Ta-
ble 1 shows the main features of this turbine [29]. 

  

Determine platform 
specifications

Diffraction analysis 
for hydrodynamic 

coefficient (without 
mooring lines)

Environmental 
conditions(wave, 

wind, current)

Initial design of mooring 
lines

Stability analysis (with 
mooring lines)

Time domain motion 
analysis for mooring line 

tension history

Anchor uplift  
force = 0

Ultimate tension  
< MBL

Fatigue 
damage < 1Finalizing design

N

Y

Y

N

NY

Figure 2. Design procedure of mooring lines.



J. Mar. Sci. Eng. 2024, 12, 33 6 of 18

3. Numerical Model and Hydrodynamic Coefficient Verification
3.1. Turbine and Platform Characteristics

In this paper, 15 MW wind turbine was selected in the wind technology cooperation
project Task 37 of the International Energy Agency. Similar to the NREL 5 MW turbine,
this IEA 15 MW turbine, based in part on the DTU 10 MW reference turbine, is completely
defined, including the control system and using new blade construction technologies.
Table 1 shows the main features of this turbine [29].

Table 1. Parameters of the IEA 15 MW Turbine.

Parameter Value

Power 15 MW
Rotor diameter 240 m

Hub height 150 m
Hub diameter 6 m

Blade mass 65.7 t
Rotor nacelle assembly mass 1446 t

Tower mass 1211 t
Tower diameter at base 10 m

Cut-in, Rated, Cut-out Speed 3 m/s, 10.59 m/s, 25 m/s
Cut-in, Cut-out speed 4.6 rpm, 7.6 rpm

The floating platform of the present study on a four-column steel semi-submersible
platform, which was developed by the University of Maine and NREL, is applied. Table 2
shows the basic characteristics of structure [30]. The hull arrangement consists of three
buoyant columns with a diameter of 12.5 m, spaced radially and with centers located
51.75 m away from the vertical axis of the tower. At the center of the platform in the surge-
sway plane, there is a fourth buoyant column where the platform-tower interface is located.
This central column connects to the outer columns via three rectangular bottom pontoons
measuring 12.5 m in width and 7.0 m in height, as well as three radial struts measuring
0.9 m in diameter, attached to the bottom and top of the buoyant columns, respectively.
The floating platform model considers the quasi-static drag force on the wind turbine blade
and does not consider the aerodynamic load because AQWA mainly calculates the motion
of the floating platform. The mass and inertial moment of the platform are designated. The
left diagram of Figure 3 shows the VolturnUS-S platform and IEA 15 MW turbine, and the
right diagram shows the model of a floating platform with a mesh size of 0.8 m.

Table 2. The main characteristics of the VolturnUS-S Platform.

Parameter Value

Hull displacement 20.206 m3

Hull steel mass 3.914 t
Tower interface mass 100 t

Draft 20 m
Freeboard 14 m

Vertical Center of Gravity form SWL −14.94 m
Vertical Center of Buoyancy form SWL −13.63 m

Roll Inertia about Center of Gravity 1.251 × 1010 kg-m2

Pitch Inertia about Center of Gravity 1.251 × 1010 kg-m2

Yaw Inertia about Center of Gravity 2.367 × 1010 kg-m2
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Figure 4 is the mesh quality validation; a comparison of near-field and far-field is
carried out in this paper. In the frequency domain range of 0.05–2.55 rad/s, 25 wave
frequency domains were selected with 0.1 rad/s as the discrete step, and the results of the
near-field and far-field methods were carried out, respectively.
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From the above figure, it can be seen that the steady drift force of the platform in the
surge direction has an excellent tendency under both the near-field method and far-field
method, which indicates that the platform with a mesh size of 0.8 m has better mesh quality.

3.2. Initial Mooring Design

In this paper, the depth of the water is set to 70 m, and the chain’s nominal diameter is
considered to be 185 mm. The mooring system selected is a studless chain, and detailed
specifications are given in Table 3. According to DNV rules, the offshore structure drag
coefficient of studless chain for the longitudinal and transverse 2 and 1.15 is encouraged to
apply [31]. The 120-degree interval mooring line configuration is shown in Figure 5.
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Table 3. Parameters of the Mooring System.

Parameter Value

Mooring System Type Chain Catenary
Line Type R3 Studless Mooring Chain

Number of Lines 3
Line Breaking Strength 22,286 kN

Nominal Chain Diameter 185 mm
Dry Line Linear Density 685 kg/m

Extensional Stiffness 3270 MN
Fairlead Pretension 564 kN

Anchor Type Gravity anchor
Anchor Weight 20 t
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To determine the initial length, the equation for the catenary is applied, and the
proof load of chain grade R3 is selected to determine the maximum tension according to
DNV rules [20]. The initial mooring lines configuration shown in Table 4 is derived from
Hazelton’s guidance and iterative design using the methodology outlined in Connolly
and Hall [32,33]. Additionally, the target declination angle is maintained by extending the
anchor radial distance and adjusting the lengths of the lines.

Table 4. The initial Mooring configuration.

Line
Anchor Coordinates

Line Length [m]
x [m] y [m] z [m]

1 −330 0 −70 300.68
2 165 285.79 −70 300.68
3 165 −285.79 −70 300.68

The distance between the initial contact point between the mooring line and the seabed
and its anchor point is known as the laid length of the mooring line. According to DNV
regulations, the laid length should be designed long enough to safeguard against anchor
uplift force at the anchoring point. Hence, the laid length is adjusted to prevent the anchor
uplift force from being greater than the anchor gravity when environmental loads are
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applied. The anchor uplift force is generally stipulated not to be greater than one-fiftieth of
the total gravity of the anchor and the laid mooring lines [34].

4. Mooring Design and Optimization
4.1. Environmental Condition

According to the long-term wind direction data statistics, the South China Sea is
northeast wind from October to March, southwest wind from May to August, and April
and September are the transition months of monsoon; the wind direction in the South
China Sea is shown in Figure 6. In order to improve the efficient power of floating offshore
wind turbines, it is expected to be highly utilized of the wind condition when installing
wind turbines. It is most reasonable to design an angle of zero between the wind turbines
and the prevailing wind direction and take the northeast as the direction of 0◦. Therefore,
the possibility of incident direction is set as follows: 50% of the northeast wind, 33.33 of the
southwest wind, and other wind directions have the same probability, which is 8.33%. The
wind direction distribution and its occurrence probability are shown in Table 5.
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Table 5. The wind direction and probability.

Direction 0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦

Probability 50% 8.33% 8.33% 8.33% 8.33% 8.33% 33.33%

For an offshore platform operating in a specific sea area, the long-term distribution
of sea conditions can be determined from the wave scatter diagram of the sea area [35].
Table 6 shows the wave scatter diagram in the South China Sea. Based on the wave scatter
diagram obtained from long-term observation, significant wave height and zero-crossing
period are divided into 33 girds. Each significant wave height corresponds to multiple
zero-crossing periods, and the number of occurrences during the observation period is
entered into the wave scatter diagram.
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Table 6. Wave scatter diagram of South China Sea.

Significant Wave Height HS[m]
Spectral Peak Period TZ[s]

4.2 5.6 7 8.4 9.8

0.5 4 25 10 4 0.6
1 2 13 9.5 2 1.2

1.5 6 7 2 0.2
2 0.6 5.5 1 0.1

2.5 2 2 0.1
3 0.5 1 0.05

3.5 0.45 0.05
4 0.02 0.05

4.5 0.02 0.03
5 0.01 0.01

5.5 0.01

Waves and currents are usually caused by wind loads. To simplify the simulation
calculation, it is assumed that the direction of the wind, wave, and current is the same,
and the wind speed is taken as the rated wind speed of 10.59 m/s when the 15 MW wind
turbine is in normal operation. Additionally, the current is a constant flow with a velocity
of 1 m/s.

4.2. Optimization Based on Mooring Maximum Breaking Limit and Fatigue Damage

Due to the intricacy of the multi-body system, it is necessary to come up with com-
prehensive time domain simulation and statistical analysis for obtaining dependable out-
comes [36]. After a high volume of time-domain simulations of the irregular waves, the
extreme distribution model is employed for assessing the extreme responses. Time domain
analysis was carried out using AQWA. In the wave scatter diagram of the South China Sea,
a total of 33 short-term sea states exist. As a result, 264 time analyses were conducted with
eight kinds of wind directions. Simulation of external forces using the floating platform
motion is carried out for 3600 s, and the initial 400 s were eliminated to avoid the startup
effects. Finally, the time history of mooring tension is drawn by applying the time domain
analysis.

The peak of ultimate tension leads to structural failure or greatly shortens the service
life [37,38]. In order to investigate ultimate strength, the effective range of mooring line
tension is calculated from the tension history using the rain flow cycle counting method.
Tension ranges for long-term wave conditions are extended from the probability of the
wave scatter diagram. The Weibull distribution and linear regression model are used to
calculate the maximum tension for a 100-year return period, and the maximum tension of
each mooring line is summarized in Table 7.

Table 7. Maximum tension for a return period of 100 years.

Tension [kN]

Line 1 1037.99
Line 2 803.54
Line 3 908.85

The cumulative fatigue damage can be assessed using tension range data, linear
damage accumulation rules, and S-N curves. Assuming a 50-year design life, each mooring
line’s accumulation damage is calculated for 50 years and summarized in Table 8. According
to the prediction results, the maximum mooring tension for a 100-year return period is less
than the mooring breaking force, and the fatigue damage is far less than 1, so the structure
is safe and can be optimized further.



J. Mar. Sci. Eng. 2024, 12, 33 11 of 18

Table 8. Accumulative damage for 50 years.

Tension [kN]

Line 1 4.36 × 10−7

Line 2 3.10 × 10−7

Line 3 3.33 × 10−7

4.3. Mooring Optimization—Anchor Point

For the initial mooring design, the maximum tension range for a return of 100 years
and the fatigue damage for a lifetime of 50 years are in the safe range. Keeping a fixed
angle for the configuration of mooring lines, the reanalysis is performed by changing the
anchor point location and mooring line laid length. As shown in Figure 7, mooring lines 2
and 3 are taken as the research objects, and the environmental conditions condition with
the maximum mooring tension are selected for optimization. The optimization method is
to shorten the length of the mooring lines laid length towards the floating platform, which
is 5 m of the length of the mooring lines, and the iterative calculation is carried out with
the anchor uplift force as the optimization parameter. The length of each mooring line
is optimized using an iterative process until the anchor uplift force does not satisfy the
condition the total length of the end moorings is established.
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Figure 7. Iterative diagram of mooring.

As shown in Figure 8, the optimization result of the anchor point is obtained through
many iterations, and the allowable force is calculated using the total gravity of the anchor
and the laid mooring line. Considering the cost and safety, the intersection point is taken as
the anchor point to optimize the optimal solution. The final mooring lines configuration is
shown in Table 9.

Table 9. The final Mooring configuration.

Line
Anchor Coordinates

Line Length [m]
x [m] y [m] z [m]

1 −330 0 −70 300.68
2 135 233.83 −70 238.68
3 140 −242.49 −70 248.68



J. Mar. Sci. Eng. 2024, 12, 33 12 of 18

J. Mar. Sci. Eng. 2024, 11, x FOR PEER REVIEW 11 of 18 
 

 

For the initial mooring design, the maximum tension range for a return of 100 years 
and the fatigue damage for a lifetime of 50 years are in the safe range. Keeping a fixed 
angle for the configuration of mooring lines, the reanalysis is performed by changing the 
anchor point location and mooring line laid length. As shown in Figure 7, mooring lines 
2 and 3 are taken as the research objects, and the environmental conditions condition with 
the maximum mooring tension are selected for optimization. The optimization method is 
to shorten the length of the mooring lines laid length towards the floating platform, which 
is 5 m of the length of the mooring lines, and the iterative calculation is carried out with 
the anchor uplift force as the optimization parameter. The length of each mooring line is 
optimized using an iterative process until the anchor uplift force does not satisfy the con-
dition the total length of the end moorings is established. 

 
Figure 7. Iterative diagram of mooring. 

As shown in Figure 8, the optimization result of the anchor point is obtained through 
many iterations, and the allowable force is calculated using the total gravity of the anchor 
and the laid mooring line. Considering the cost and safety, the intersection point is taken 
as the anchor point to optimize the optimal solution. The final mooring lines configuration 
is shown in Table 9. 

  
(a) (b) 

Figure 8. The optimization iterative process of mooring lines (a) Mooring line 2 (b) Mooring line 3. 

Table 9. The final Mooring configuration. 

Line 
Anchor Coordinates 

Line Length [m] 
x [m] y [m] z [m] 

1 −330 0 −70 300.68 

1 2 3 4 5 6 7 8 9 10 11 12 13 14
0

2

4

6

8

10

12

14

 Anchor uplift force
 Allowable force

Iterations

M
ax

im
um

 A
nc

ho
r u

pl
ift

 fo
rc

e 
[k

N
]

0

2

4

6

8

10

12

14

16

18

20

M
ax

im
um

 a
llo

w
ab

le
 fo

rc
e 

[k
N

]

1 2 3 4 5 6 7 8 9 10 11 12
0

1

2

3

4

5

6

7

8

9

10

11

 Anchor uplift force
 Allowable force

Iterations

M
ax

im
um

 A
nc

ho
r u

pl
ift

 fo
rc

e 
[k

N
]

0

2

4

6

8

10

12

14

16

18

20

M
ax

im
um

 a
llo

w
ab

le
 fo

rc
e 

[k
N

]

Figure 8. The optimization iterative process of mooring lines (a) Mooring line 2 (b) Mooring line 3.

Figure 9 shows the change of the mooring lines laid length with the optimization of the
anchor point position. With the change in the total length of mooring line 2 and mooring
line 3, the laid length of mooring line 1 was reduced by 10 m due to the greater horizontal
tension, while the laid lengths of other mooring lines had little change.
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Figure 9. The laid length of mooring lines (a) Initial laid length (b) Final laid length.

As shown in Figure 10, the mooring line tension increases with the optimization of
the mooring anchor point position and the decrease in mooring line length. The previous
research shows that when the chain characteristics and pretension of mooring lines remain
the same, the shorter mooring lines lead to stronger nonlinearity of mooring resilience and
stiffness. The results of this paper are similar [39,40]. In the normal operation of floating
wind turbines, the platform motion is required to be less than 5% of the water depth,
and the increase in mooring line tension helps to reduce the floating platform motion.
In addition, the mooring line tension and the anchor uplift force in the final design of
the mooring satisfied the design requirements. The mooring line tension is less than the
minimum breaking force of mooring lines, and the anchor uplift force is within a safe range.
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Figure 10. The tension of Moring lines.

4.4. Mooring Optimization—Nominal Diameter

In mooring optimization, three kinds of nominal chain diameter, 152 mm, 185 mm, and
210 mm, are considered to determine the influence of mooring diameter on the ultimate
strength and fatigue damage. For different nominal diameters of mooring chain lines,
the effective elastic modulus and breaking load can be found in the DNV OS E302 and
ISO 20438 [41,42]. Three kinds of mooring lines with studless chain detailed specifications
are given in Table 10.

Table 10. Parameters of the Mooring chain lines.

Parameter Value

Line Type R3 Studless Mooring Chain

Line Breaking Strength 16,405 kN 22,286 kN 26,749 kN
Nominal Chain Diameter 152 mm 185 mm 210 mm
Dry Line Linear Density 462 kg/m 685 kg/m 882 kg/m

Extensional Stiffness 1973.08 MN 3270 MN 3766.14 MN

Regarding the nominal diameters of three types of mooring lines, a comparison
and examination of total weight and maximum tension at a 100-year return period were
conducted. The results are shown in Figures 11 and 12; the total mass and the maximum
tension increase with the increase in the chain’s nominal diameter while keeping the chain
length unchanged.
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Offshore mooring chains are available in various grades, including R3, R3S, R4, R4S
and R5. Out of these grades, R5 offers the highest strength. Figure 13 illustrates the
minimum breaking loads (MBL) against chain diameter for studless chains [43]. Keeping
the same safety factor, the minimum breaking load of mooring chains of different grades
is compared. For ultimate limit state considerations, the R5 grade chain is recommended.
Because it is the most economical model, and the nominal diameter of the chain is only
147 mm. In addition, when using the R4S chain, the chain with a nominal diameter greater
than 152 mm should be used.

Figure 14 shows that the more the nominal diameter increases, the more cumulative
fatigue damage decreases. From the cumulative fatigue damage during the 50 years of
life, mooring lines of three kinds of nominal diameter are satisfied with design criteria.
Therefore, it is recommended to determine the nominal diameter and grade of the chain
from the point of view of fatigue damage.
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5. Conclusions

In this paper, the wind, wave, and current data in the South China Sea are collected
as environmental conditions because the South China Sea has abundant wind energy.
IEA 15 MW wind turbine and UMaine VolturnUS-S floating platform are selected as
research models, and the accuracy of the model is verified by comparing the hydrodynamic
coefficient between AQWA and the technical report. The R3 class studless chain is selected
as the design mooring type, and the nominal diameter, anchor uplift force, and total length
of the mooring lines are used as the design parameters. Thus, the catenary equation is
applied to determine the initial length of mooring lines. Using time domain hydrodynamic
analysis, the anchor uplift force at the anchor point under the initial mooring line design
will be checked, and the mooring line tension time history will be output on the premise
that the anchor uplift force satisfies the design requirements. In the ultimate strength
analysis, Weibull distribution is used to predict the maximum tension range in the return
period of 100 years, and it is compared with the minimum breaking limit of mooring lines.
In the fatigue damage analysis, 50 years of cumulative fatigue is determined using mooring
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line tension amplitude data, linear cumulative fatigue damage rules, and the S-N curve.
Thus, the design and optimization program of floating wind turbine mooring lines suitable
for the South China Sea is established.

This paper describes the design, optimization, and safety assessment process of a
floating wind turbine mooring system. Based on this research, the influence of aerodynamic
load on platform motion and mooring system will be studied using the joint simulation
of OPENFAST and AQWA in future research. The combination of floating wind turbines
and wave energy is also one of the ways to improve power generation in the future. Many
scholars have performed relevant research, but there is little research on mooring [44,45].
In addition, more cost-effective new mooring lines are also within the scope of future
research, including fatigue problems of different grades of mooring lines and new mooring
materials [46–48].
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