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Abstract: To verify that inclined tension legs can improve the stability of the tension leg platform, this
paper established the dynamic equation of a tension leg platform (TLP) under marine environmental
loads by using the modified Morrison equation considering the influence of ocean currents on wave
forces. Additionally, the velocity and acceleration of random wave water particles were simulated
via the JONSWAP spectrum. In addition, a three-dimensional model of a tension leg platform with
inclined tension legs was established by AQWA, and its dynamic responses under variable survival
conditions were compared and analyzed. The results showed that the surge and heave were more
sensitive to the sea current, while the pitch was more sensitive to the wind. There is a significant
difference in tendon tensions between the atypical TLP with inclined tension legs established in this
study and the typical International Ship and Offshore Structures Committee (ISSC) TLP.

Keywords: tension leg platform; inclined tension leg; random wave; survival conditions;
hydrodynamic response

1. Introduction

Since the floating wind turbine was proposed [1], scholars have carried out in-depth
studies from multiple perspectives and proposed various forms of floating wind turbines,
such as the semi-submersible, Spar, and tension leg platform (TLP) forms. Among them,
the TLP originated from the floating platform in offshore oil field exploitation and was
proposed by Professor J.R.O. Marsh of the United States in 1954 [2]. The TLP achieves
superior stability in both vertical and horizontal directions through its buoyancy and the
pretension of the mooring system [3]. Compared with other floating platforms, the TLP
shows better heave, surge and sway responses and motion characteristics at water depths
of 300~1500 m, but its mooring system is more complex, and its installation cost is higher
than that of the other two types. Moreover, due to the tendons being affected by the tension
and sea current, the frequency of the mooring system and the superstructure are prone to
coupled resonance. Therefore, it is crucial to study the dynamic characteristics of the TLP
floating foundation to avoid significant losses [4].

The TLP is a semirigid and semicompliant nonlinear dynamic system. Due to the
pretension provided by the mooring system, the inertia force generated by the platform
can offset part of the environmental load effect, thus allowing better stability. Its natural
period is far from the frequency where the wave energy is concentrated, thus avoiding
the resonant response of the TLP to the primary wave frequency and making the platform
as free from structural failure as possible. For decades, scholars have summarized the
research emphases of TLPs, including research on the dynamic response of TLPs under the
action of complex environmental loads, structural optimization, and research on mooring
systems. At first, scholars proposed a relatively simple dynamic model of TLP by using
linear wave theory, the Morrison equation and three-dimensional potential flow theory, etc.,

J. Mar. Sci. Eng. 2022, 10, 1058. https://doi.org/10.3390/jmse10081058 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse10081058
https://doi.org/10.3390/jmse10081058
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse10081058
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10081058?type=check_update&version=1


J. Mar. Sci. Eng. 2022, 10, 1058 2 of 20

without considering the coupling problem of various degrees of freedom. Pualing et al. [5,6]
established three-degree-of-freedom (3-DoF) and 6-DoF models of the TLP, calculating the
wave load by the Morrison equation, and Mercier et al. [7] proposed a basic formula of
the platform in a heave direction. Their mathematical models laid a specific foundation
for follow-up research. Furthermore, scholars put forward a gradually improved dynamic
balance model with coupling degrees of freedom and considered the interaction interference
between the tension leg and floating platform [8,9]. To more accurately describe the motion
characteristics of the TLP in the marine environment, the tension leg was simplified as
a massless spring model, a lumped mass model or a nonlinear beam model. The 6-DoF
stiffness matrix and the coupled nonlinear motion equation and boundary conditions
of TLP were, respectively, derived by the unit displacement method and Hamiltonian
principle [10–13]. Considering the coupling effect, scholars have studied the dynamic
responses of TLPs under different waves, proposed new methods for calculating the
recovery stiffness and considered the simultaneous action of multiple nonlinear loads,
diffraction problems and subsidence effects. For instance, by deducing the mass matrix,
coupled stiffness matrix, damping matrix and external load of the vibration differential
equation, Gu et al. [14] investigated the coupled responses of TLPs under the action of
random waves. By distinguishing the horizontal low-frequency motion caused by second-
order wave excitation and the vertical motion with higher frequency caused by first-order
wave force, Senjanovic et al. [15] deduced a more accurate tangent stiffness and considered
the sinking effect in the dynamic equation. Wang et al. [16] used a full-field quadratic
transfer function (QTF) to calculate second-order wave forces. Chandrasekaran et al. [17]
analyzed the water particle movement based on Stokes theory and estimated the wave
load acting on the tension leg by using the improved Morrison equation. To investigate the
statistical characteristics of the air gap of the TLP, Lim et al. [18] established a second-order
Volterra series for wave height around the platform by using the second-order potential flow
theory and solved it with the spectrum and the eigenvalue problem of the transfer function
of the frequency domain. Mazarakos et al. [19] analyzed the coupled hydroaeroelastic
problem for a TLP with multiple vertical truncated cylinders, and solved the hydrodynamic
problem by combining the physical idea of multiple scattering and the method of matched
axisymmetric eigenfunction expansions. In summary, this paper considers the Morrison
equation combined with a random wave spectrum to calculate nonlinear wave forces and
simultaneously applies random wind loads and linear ocean current loads to the structure.

To establish more accurate models and cope with highly complex interactions, schol-
ars conducted simulations through FAST, HAWC2, SIMO, SESAM, AQWA, etc. [20–23].
Sclavounos et al. [24] proposed two low weight, motion resistant stiff floating wind tur-
bine concepts and modeled rigid body dynamics of it by using FAST. Moreover, multiple
complex coupling problems can be well solved with the numerical technique. The hydrody-
namic responses of the floating platform, such as 6-DoF motion and mooring tension, can
be obtained, and the operating load of the floating wind turbine can be evaluated by this
means [25–27]. Notably, AQWA, a comprehensive simulation tool, plays a significant role in
the field of floating body analysis. Over the past decade, AQWA has been used to study the
hydrodynamic characteristics of different types of floating foundations. Ghafari et al. [28]
established a three-dimensional model using radiation/diffraction theories and the Mor-
rison equation with AQWA. Yang et al. [29] combined the user-defined dynamic library
link (DLL) with AQWA through AeroDyn to simulate the wind, wave and current loads of
the multibody floating wind turbine (FWT) platform. Sun et al. [30] further verified the
prediction accuracy of the AQWA–Aerodyn coupling framework for the floating wind tur-
bine coupling response by comparing it with the calculation results of FAST. Ma et al. [31]
calculated low-frequency surge motion in the time domain using AQWA. Ren et al. [32]
calculated the hydrodynamic parameters and motion responses of a TLP floating offshore
wind turbine (FOWT) by the hydrodynamic analysis software WAMIT and AQWA. Thanks
to the usefulness and credibility of AQWA verified by published papers, we chose this
software to establish a finite element model and analyze the dynamic characteristics of TLP.
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Regarding infrastructure innovation, scholars mainly altered the structure of the
floating platform or added other components to tension legs without considering the
alteration of the tension leg itself. Ma et al. [33] experimentally and numerically studied
the multibody dynamic coupling responses of a new type of TLP. Rao et al. [34] proposed a
tension leg platform with a tension base, which reduced the in-plane motion responses by
connecting the base in series on the tendons. Adam et al. [35] proposed a novel floating
wind turbine GICON®-Tension Leg Platform (TLP). Walia et al. [36] conducted a free
attenuation test of the scale model for TLP and compared its natural frequency results
with those of GICON®-TLP. Han et al. [37] proposed an underwater tension leg platform
(STLP) for medium water depths ranging from 70 to 150 m. Ren et al. [38] proposed a
new concept of combining TLP with a buoyancy wave energy converter, namely, TWWC
TLP–WT–WEC Combination (TWWC). Two floater concepts coupled with the wind turbine
in water depths of 10–200 m were conducted to identify differences in those two stability
methods by Wayman et al. [39].

Therefore, in this paper, we will formulate the dynamic equation of a floating founda-
tion by using the modified Morrison equation considering the influence of the current on
the wave force. We also adopt the stiffness matrix with coupled degrees of freedom and the
JONSWAP spectrum, considering the influence of standard wind speed. The stability of the
ISSC TLP and TLP with inclined tension leg is compared by altering the connection angle
of tension legs from 0◦ to 30◦ and the best stability was obtained at 30◦ [40]. Based on this,
this paper fixed the connection angle of the tension leg at 30◦ to further study the floating
stability of this atypical TLP. The finite element model of the research object was established
by the commercial software Ansys-AQWA (Pittsburgh, USA). To provide a reference for
designing offshore floating wind turbines, the dynamic responses under variable survival
conditions were compared, and the sensitivity of various degrees of freedom to different
environmental loads are discussed as well as for various tendon tension.

2. Model Establishment
2.1. Dynamic Equation

TLPs are mainly subjected to wave, wind, current, and mooring loads in the marine
environment. The whole system is a kind of complex nonlinear problem. To investigate its
characteristics, the equation of motion describing the dynamic equilibrium with multiple
nonlinear loads can be assembled as follows:

[M]
..
υi + [C]

.
υi + [K]υi = Fwind + Fhyd + Fcurrent +

8

∑
n=1

FLn (1)

where [M] is the mass matrix, [C] is the damping matrix, and [K] is the stiffness matrix,
which is composed of two parts, including the hydrostatic restoring stiffness [Kw] and
mooring stiffness [Km]. Fwind is the wind load, and Fhyd is the hydrodynamic load, which
includes the hydrostatic restoring force and moment of force, wave excitation force and
moment. Fcurrent is the sea current load, and FLn represents the mooring force of the nth
tension leg.

As shown in Figure 1, this paper defines the static coordinate system as O′-X′Y′Z′,
the floating system as O-XYZ, and the wave coordinate system as o-xyz with the same
z-axis direction. O is the platform’s centre of gravity, and O-XY is the plane parallel to
the horizontal plane [41]. Under marine environmental loads, the TLP produces dynamic
responses with six DoFs, as shown in Figure 2, including the surge, sway, heave, roll, pitch
and yaw.
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The mass matrix can be represented as Equation (2).

M =



m 0 0 0 mzG −myG
0 m 0 −mzG 0 mxG
0 0 m myG −mxG 0
0 −mzG −myG Ixx Ixy Ixz

mzG 0 −mxG Iyx Iyy Iyz
−myG mxG 0 Izx Izy Izz

 (2)

where M is the mass matrix of TLP [42,43], m is the mass of TLP, Ixx = m·rx
2 is the moment

of inertia of the pitch, Iyy = m·ry
2 is the moment of inertia of the roll, Izz = m·rz

2 is the
moment of inertia of the yaw, and rx, ry and rz are the radii of rotation of the pitch, roll and
yaw, respectively. xG, yG, zG represent centres of gravity. According to Horoub et al. [44],
the added mass matrix can be obtained.

The six DoFs of TLP are coupled with each other. For example, the generation of
the yaw affects the surge and sway responses. Moreover, the surge and sway responses
produce the sinking motion affecting the heave. Then, the coupled degrees of freedom are
considered in the stiffness matrix.

Kw =



0 0 0 0 0 0
0 0 0 0 0 0
0 0 k′33 k′34 k′35 0
0 0 k′43 k′44 k′45 k′46
0 0 k′53 k′54 k′55 k′56
0 0 0 0 0 0

 (3)
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Km =



k′′11 0 0 0 k′′15 0
0 k′′22 0 k′′24 0 0
0 0 k′′33 0 0 0
0 k′42 0 k′44 0 0

k′51 0 0 0 k′′55 0
0 0 0 0 0 k′′66

 (4)

K = Kw + Km (5)

where
K11 = K22 =

T
Lz

+ ρgAwl
δs

Lz
(6)

K33 = ρgAwl +
EA
L

(7)

K44 =
ρgIwlx
cos3 ϕ

+ UzB −QzG −
N

∑
n=1

TnzT +
EIx

L
cos2 ϕ + ρgAwl(zB − zT)δs (8)

K55 =
ρgIwly

cos3 β
+ UzB −QzG −

N

∑
n=1

TnzT +
EIy

L
cos2 β + ρgAwl(zB − zT)δs (9)

K66 = r2
(

T
Lz

+ ρgAwl
δs

Lz

)
(10)

T =
N

∑
n=1

Tn = U −Q (11)

zGT = zG − zT (12)

where A is the total cross-sectional area and Awl is the horizontal plane area. Iwlx and Iwly
are the moments of inertia of the platform concerning the x- and y-axes, and Ix and Iy
are the moments of inertia of the tension leg concerning the x- and y-axes. U denotes the
buoyancy, Q denotes the gravity, and Tn denotes the tension of the nth tendon. zB is the
buoyancy centre, zG is the gravity centre, and zT is the lower surface coordinates of the
platform. L represents the length of the tension leg, and Lz is the vertical height of the top
of the tension leg after sinking. θ, β, ϕ are the angular rotations of the yaw, pitch and roll,
respectively. δx and δy represent the displacement in the x and y directions, respectively,
and δS is the amount of sinking.

The damping matrix can be expressed as Equation (11) [45].

[C] = 2ξi[Φ]



√
λ1 0 0 0 0 0
0

√
λ2 0 0 0 0

0 0
√

λ3 0 0 0
0 0 0

√
λ4 0 0

0 0 0 0
√

λ5 0
0 0 0 0 0

√
λ6


[
ΦT
]
[M] (13)

where λi = ωi
2, [Φ] is the matrix of the mode shape, ωi is the natural frequency, mi is the

modal mass, and ξi = 0.05 (I = 1, 2, 3, . . . , 6). According to the free decay test, the natural
frequencies of the six degrees of freedom are shown in Table 1.

Table 1. Natural frequencies of the ISSC TLP [46].

Surge Sway Heave Roll Pitch Yaw

ωi (rad·s−1) 0.0612 0.0612 3.488 3.401 3.401 0.0764
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2.2. Wave Load

To calculate the hydrodynamic forces on the TLP, the Morrison equation considering
the current velocity is introduced. The horizontal wave force is calculated as follows [45]:

fH = fD + f I =
1
2

CDρD(u + uc)|u + uc|+ CMρ
πD2

4
du
dt

(14)

where fD and fI are the horizontal drag force and inertial force terms, respectively. u is
the wave–particle velocity. D presents the cylinders diameters. When the included angle
between the ocean current velocity uc and the x-axis is α, its components on the x- and
y-axes are expressed by Equations (13) and (14){

fDx
fDy

}
=

1
2

CDρDux

{
1 + cos α

sin α

}√
(ux + ux cos α)2 + (ux sin α)2 (15)

{
f Ix
f Iy

}
= CMρ

πD2

4

{
ax
ay

}
(16)

While the current velocity is zero in the z-axis direction, the wave force can be ex-
pressed as follows: 

fx
fy
fz

 =
1
2

CDρD


Ux
Uy
Uz

+ CMρ
πD2

4


ax
ay
az

 (17)

where CD and CM are the drag coefficient and inertia coefficient, respectively. According to
API, CD is defined as 0.65, and CM as 2 [47]. Ux, Uy and Uz are the wave–particle velocities,
the former two of which include sea current velocity. ax, ay and az are the accelerations.
Subscripts x, y and z refer to the components in three directions.

2.3. Wind Load

The NPD wind spectrum is utilized to calculate the wind load [48]:

SNPD( f ) =
320
(

V10
10

)2( z
10
)0.45

(1 + t0.468)
3.561 (18)

t = 172 f
( z

10

)2/3
(

V10

10

)−0.75
(19)

where SNPD(f ) is the frequency spectrum of fluctuating wind, f is the pulsation frequency,
V10 is the hourly mean wind velocity from 10 metres above sea level, and z is the height
from sea level. The wind velocity at z at sea level is defined as u(z,t); then, the instantaneous
wind velocity at this point can be expressed as follows:

τ(t) = V0 +
K

∑
i=1

√
2SNPD( fi)4 f cos(2π fit + θi) (20)

where ∆f is the equal frequency interval, fi is the linear frequency component, and the
random phase angle θi is evenly distributed between 0 and π. Random wind load can be
simulated by substituting the NPD wind spectrum formula with the instantaneous wind
speed formula.

The average wind speed at height z above sea level is:

u(z, t) = V10

[
1 + 0.0573

√
1 + 0.15V0 · ln

( z
10

)][
1− 0.41Iu(z) ln

(
t
t0

)]
(21)
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Iu(z) = 0.06(1 + 0.043V0)/
( z

10

)0.22
(22)

Then, the wind force at z can be described as:

F = CF A · (u(z, t)− .
x)2 (23)

CF = 0.613
n

∑
m
(CsCh) (24)

where CF is the wind pressure coefficient, Cs is the shape factor (the cylinder takes the
value of 0.5), and Ch is the height coefficient (Ch = 1.00 when h = 0~15.3 m and 1.10 when
h = 15.3~30.5 m). A is the projection of wind-affected component on the wind direction.
.
x is velocity of the structure.

2.4. Current Load

Ocean currents are generally generated by wind drag forces and tidal currents, and
the velocity changes with depth. Usually, the surface velocity is the fastest and gradually
approaches zero with increasing water depth. According to DNV and relevant references,
the current velocity can be expressed as [49]:

Vc(z) = Vω(0)
( z

d

)
+ Vt(0)

( z
d

)1/7
(25)

where d is the water depth, Vc(z) is the current velocity at height z, Vω(0) is the surface
velocity of the wind-generated current, and Vt(0) is the surface velocity of tidal seawater.

Then, the ocean current force has the following expression:

Fc =
1
2

ρCD AcVc(z)
2 (26)

where Ac is the projection area, and Vc is the current velocity. Assuming that the cylinder
surface is smooth, CD can be defined as 0.65 according to DNV-RP-C205.

2.5. Mooring Load

The mooring system is coupled with the floating platform through the displacement
transfer relationship between the floating platform and the tension leg. Assuming that the
tension leg is a nonlinear beam, the dynamic equation is established as:

[M]
..
x + [K]x = Fe + Fz (27)

where Fe is the external force that the Morrison equation can be used to calculate:

f =
1
2

CDρDVn|Vn|+ CMρ
πD2

4

.
Vn (28)

Vn = e× (u× e) (29)

where Vn is the current velocity decreasing with increasing water depth, ρ is the fluid
density, generally 1.205 kg/m3. e is the unit vector along the axis. Fz is the internal force,
which is expressed as:

Fi =
EA
Li0

(

∣∣∣∣→L i

∣∣∣∣− Li0)×
→
L i∣∣∣∣→L i

∣∣∣∣ (30)

∣∣∣∣→L i

∣∣∣∣ =
√
(xi − xi−1)

2 + (yi − yi−1)
2 +

(
L
n

)2
(31)
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where n represents the number of elements that the tension leg is divided into, L is the
length of the tension leg, and Li0 is the initial length of the tension leg at the ith section.

3. Finite Element Model
3.1. Model Parameters

AQWA is adopted to establish the finite element model of a typical TLP (ISSC TLP)
with four columns. This type of floating foundation comprises two parts, a floating platform
and mooring, which is suitable for the deep sea with depths ranging from 30 to 1500 m.
The parameters of the ISSC TLP considered in this study are given in Table 2.

Table 2. Main parameters of the ISSC TLP [50].

Parameter Value Parameter Value

Column spacing 86.25 m Total pretension 14 × 103 kN
Column radius 8.44 m Inner diameter of tension leg 0.3436 m
Column length 67.5 m Outer diameter of tension leg 0.8 m

Floating box width 7.50 m Tendon length 415.0 m
Floating box height 10.50 m Kxx 1.501 × 109 kN·m−1

Displacement 54.5 × 106 kg Kzz 0.819 × 106 kN·m−1

Total mass 40.5 × 106 kg Dry weight 1575.9 kg·m−1

Ixx 82.37 × 109 kg·m2 Wet weight 240.5 kg·m−1

Iyy 82.37 × 109 kg·m2 Tendon’s stiffness 2.28 × 107 kN

Izz 98.07 × 109 kg·m2 Area of contour vertical
to current 5.019 × 103 m2

EA 1.335 × 1011 N
Area of contour vertical

to wind 2.194 × 103 m2

Centre of gravity 38.0 m Water depth 450 m
Draft 35.00 m

The tension leg of the ISSC TLP is perpendicular to the horizontal plane and connected
to the sea floor by an anchoring foundation. Each tension leg contains two tendons.
Moreover, tendons with pretension are installed to provide additional vertical stiffness,
and two tendons are attached to one column of the TLP. A schematic diagram of the typical
ISSC TLP is shown in Figure 3. In this paper, the tension legs of the TLP are numbered
from L1 to L8 counterclockwise, starting from the lower-left pillar, where L2, L4, L6 and L8
are tension legs with an inclined angle of 30◦. The plan of the model is shown in Figure 4.
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The whole domain description of the platform is illustrated in Figure 5, along with
meshing details. The surface element model, excluding the tension legs, was meshed,
and the mesh size was defined as 2 m, with 20,940 nodes and 21,032 elements. Then,
the hydrodynamic response of it was conducted in time domain after set the mooring
parameters and its pretension in the menu called “connection”.
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3.2. Environmental Conditions

As discussed in the previous, the wind spectrum, and the JONSWAP spectrum is
selected to impart the wave load, whose spectral function is given by Equation (32) [49].

Sη(ω) =
αg2

ω5 exp
[
−5

4

(ωm

ω

)4
]

γ
exp [− (ω−ωm)2

2σ2ωm2 ]
(32)

where γ is the spectral peak factor, σ is the peak shape factor, α is the dimensionless wind
region function, and ωm is the spectral peak factor.

To better investigate the dynamic characteristics of TLPs in the deep sea, survival
conditions are adopted for analysis. Wind and current loads are selected as the survival
conditions by their 1-year and 10-year recurrence periods at sea [51]. Firstly, wave loads
are immutable, selected by a 10-year recurrence period at sea. Then, different combinations
of wind load, wave load and current load are set to judge the sensitivity of the motion
response of different degrees of freedom to different loads. The different conditions and
their specifications are shown in Table 3.

Table 3. Different combinations of survival conditions.

Conditions Load Hs (m) Tm (s) γ V (m·s−1) Vt(0) (m·s−1)

C1
Wind load

- - - 5 -
C2 - - - 11.5
C3

Current load
- - - - 0.8

C4 - - - - 1.08
C5 Wave load + C1 6.8 10.2 - 5 -
C6 Wave load + C2 6.8 10.2 - 11.5 -
C7 Wave load + C3 6.8 10.2 - - 0.8
C8 Wave load + C4 6.8 10.2 - - 1.08
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The incident direction of the three types of loads is 45◦ with the x-axis, and its schematic
diagrams are shown in Figures 6 and 7. Because of the symmetry of the ISSC TLP, the surge,
pitch and heave are sufficient to reflect the motion characteristics of TLP.
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4. Results and Analysis
4.1. Model Validation

To validate the numerical model, the results of the dynamic equation under a random
wave load were compared with those from AQWA. Furthermore, we compared its dynamic
responses between survival and special conditions. The wave heights 6.8 m and 8.4 m, and
the spectral peak periods 10.2 s and 11.4 s are adopted for simulation. The reliability of the
model was verified in two aspects: Figures 8 and 9 display the time-domain analysis, and
Figures 10 and 11 reveal the frequency domain analysis.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 11 of 21 
 

 

4. Results and Analysis 
4.1. Model Validation 

To validate the numerical model, the results of the dynamic equation under a random 
wave load were compared with those from AQWA. Furthermore, we compared its dy-
namic responses between survival and special conditions. The wave heights 6.8 m and 8.4 
m, and the spectral peak periods 10.2 s and 11.4 s are adopted for simulation. The reliabil-
ity of the model was verified in two aspects: Figures 8 and 9 display the time-domain 
analysis, and Figures 10 and 11 reveal the frequency domain analysis. 

 
Figure 8. Surge motion of TLP under different wave heights. 

 
Figure 9. Pitch motion of TLP under different wave heights. 

. 

Figure 10. Surge response spectrum. 

2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 3500
−50
−40
−30
−20
−10

0
10
20
30
40
50

Su
rg

e 
(m

)

t (s)

 50Y  10Y  10Y-AQWA

2500 2600 2700 2800 2900 3000
−2.0

−1.5

−1.0

−0.5

0.0

0.5

1.0

Pi
tc

h 
(d

eg
)

t (s)

 50Y  10Y  10Y-AQWA

0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
0.00

0.05

0.10

0.15

0.20

0.25

Frequency (rad/s)

Su
rg

e 
Re

sp
on

se
 S

pe
ct

ru
m

 (m
2 ·s

)

 10Y-AQWA
 10Y
 50Y

Figure 8. Surge motion of TLP under different wave heights.
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Figure 11. Pitch response spectrum.

Figures 8 and 9 represent the time series of surge and pitch motion. The surge and
pitch are oscillatory motions under the wave load, and their values significantly increase
with increasing wave load. The time series obtained by AQWA and numerical simulation
share similar changing trend.

Figure 10 shows that the first spectrum peak of the model’s surge spectrum is near
the platform’s natural frequency, and the peak value decreases with increasing sea state.
Notably, the second peak value is near the wave spectrum peak frequency and increases
with increasing sea state. There is only one prominent spectrum peak in the pitch response
spectrum whose frequency approaches the frequency of the wave spectrum peak, as shown
in Figure 11. Obviously, the results are consistent with those obtained by previous studies,
indicating that the ISSC TLP model established in this study has some certain credibility.
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To confirm that the inclined tension leg established in this paper has better dynamic
characteristics, the time domain calculation results, which can well predict the motion
responses of the floating bodies, will be mainly analyzed in the follow-up.

4.2. Response Comparison between Typical TLP and Atypical TLP

To compare the responses between the ISSC TLP and an atypical TLP possessing
inclined tension legs, AQWA was adopted to simulate dynamic responses in the time
domain. The inclined angle ranged from 0◦ to 30◦, where 0◦ corresponded to a typical TLP.
The results of the numerical simulation are displayed in Figures 12–14, which summarize
the root mean square (RMS) of different inclined angles, revealing the fluctuation dispersion
degree. It is apparent from Figures 12–14 that under the same environmental loads, the
inclined tension leg restrains the motions in both the horizontal and vertical directions. The
suppression efficiency of the surge and pitch decreases when the inclined angle gradually
increases, while that of the heave rises. Therefore, this study set the inclined angle as 30◦

and analyzed its dynamic characteristics by altering the survival conditions.
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4.3. Dynamic Responses of the Atypical TLP under Different Survival Conditions

Numerical time-domain simulations are conducted on the variant TLP proposed in
this study. The incident marine environmental loads have the same direction. It can be
concluded from Figures 15 and 16 that the surge shows oscillatory motion under the action
of wave load alone. When wave load accompanied by current load or wind load acts on the
structure, the surge displays obvious drift response. However, with increasing wind load,
the increase in the surge response is not apparent. With increasing current load, the surge
response increases significantly, indicating that the response value of the surge response is
more sensitive to the current load. As shown in Figures 17 and 18, there is no significant
deviation in the pitch response when the current load is changed, but the amplitude of the
pitch response increases significantly with wind load. In previous researches [14,45] it was
also found that an impact on the amplitude of pitch under wind and current loads without
any drift. As we can see, the impact of the increasing wind load on angular displacement
is more obvious than that of the current load. However, based on the current velocity
characteristics, the current load has a more significant effect on the linear displacement. So
the current load has less influence on pitch than the wind load, which may be attributed
to the wind fluctuation. Therefore, the wind-resistant design of structures is extremely
significant for floating wind turbines.
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Figure 15. Surge response under wave load and current load.
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Figure 18. Pitch response under wave load and wind load.

As shown in Figures 19 and 20, the heave mainly presents sinking movement under
the action of wind, wave and current loads. When the wave and current loads or wind and
wave loads act simultaneously, the heave produces noticeable deviation, and the subsidence
under the current load is more significant. It is also observed that the heave value increases
with increasing wind or current load.
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Figure 19. Heave response under wave load and current load.
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Figure 20. Heave response under wave load and wind load.

The RMSs for the surge, pitch and heave are shown in Figures 21–23. Under the same
wave load defined as C0, when the current load and wind load increase, compared with
C5, the surge, pitch and heave responses of C6 increase by 29.59%, 8.95% and 27.44%,
respectively. Under the same conditions, compared with C7, the surge, pitch, and heave
responses of C8 increase by 27.38%, 11.4% and 22.45%, respectively. This indicates that
keeping the wave load unchanged, the surge and heave are more sensitive to the current
load, while the pitch is more sensitive to the wind load. The heave response produces
a large motion response under the wind load. Interestingly, when the wind and current,
respectively, increase, the heave response is more sensitive to the current load, presumably
caused by the strong coupling of the heave and pitch.
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Figure 21. RMS for surge responses.



J. Mar. Sci. Eng. 2022, 10, 1058 16 of 20

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 16 of 21 
 

 

 
Figure 21. RMS for surge responses. 

 
Figure 22. RMS for pitch responses. 

 
Figure 23. RMS for heave responses. 

4.4. Variation in Tendon Tension 
Due to the symmetry of the typical ISSC TLP, when the wind, wave and current act 

together at 45°, the tension of the tendons is similar in pairs. This section selects the in-
clined tension legs L2, L4, L6 and L8 as the analysis objects. As seen from Figures 24 and 
25, when the angle is 0°, it shows minor variation in the tension range. 

0

2

4

6

8

10

12

14

16

18

Su
rg

e/
m

C5

 Wave
 Wave+1yrCurrent
 Wave+10yrCurrent
 Wave+1yrWind
 Wave+10yrWind

C0 C6 C8C7C0

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

Pi
tc

h/
de

g

C5C0 C6 C8C7C0

 Wave
 Wave+1yrCurrent
 Wave+10yrCurrent
 Wave+1yrWind
 Wave+10yrWind

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

H
ea

ve
/m

 Wave
 Wave+1yrCurrent
 Wave+10yrCurrent
 Wave+1yrWind
 Wave+10yrWind

C5C0 C6 C8C7C0
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4.4. Variation in Tendon Tension

Due to the symmetry of the typical ISSC TLP, when the wind, wave and current act
together at 45◦, the tension of the tendons is similar in pairs. This section selects the inclined
tension legs L2, L4, L6 and L8 as the analysis objects. As seen from Figures 24 and 25, when
the angle is 0◦, it shows minor variation in the tension range.
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Nevertheless, when α = 30◦, the tension of the four tendons is different, and their
motion under the marine environment load is shown in Figure 26. It can be concluded that
the inclined tendons vary more significantly with the platform movement and magnify the
original phenomenon of relaxation.
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Figures 27 and 28 show that the tension of L2 and L8 is more considerable. Additionally,
it should be emphasized that both L4 and L6 show negative values, indicating that the
tension leg relaxes to a certain extent in the floating foundation movement. It is predicted
that under the same operating conditions, the motion trend of the inclined tendons becomes
more complex. Compared with the vertical tension leg, the tendon possessing a certain
connection angle is not only more prone to relaxation but also aggrandizes the times of
the phenomenon. Thus, the oscillatory motion of atypical TLPs with different degrees of
freedom accompanied by the tension and relaxation of the tendon has an essential impact
on its service life.
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Figure 28. Tendon tension of L4 and L6 when the inclined angle is 30◦.

5. Conclusions

To further indicate the improvement of TLP stability, this paper takes a floating system
with inclined tension legs as the research object and studies its sensitivity to dynamic
responses under different loads. Additionally, the difference and variation in the tension
between the inclined and vertical tension legs are investigated. The main conclusions are
as follows:

1. The surge and pitch increase significantly with increasing wave load. The first peak
of the surge response spectrum is located near the natural frequency of the platform
and decreases with increasing sea state, while the second peak is located near the
frequency of the wave load spectrum and increases with increasing load. Yet, the pitch
response spectral curve has only one distinct spectral peak near the wave spectrum’s
peak frequency, and the peak increases in high sea state.

2. The inclined tension legs are confirmed to restrain the surge, pitch and heave motions.
Due to the influences of wind and current, drift and sinking happen for the surge and
heave motions, respectively. With increasing current load and wind load, the surge
response increases by 29.59% and 27.38%, respectively, while pitch increases by 8.95%
and 11.4%. This indicates that the surge is more sensitive to the current load, while
the pitch is more sensitive to the wind. As the wind load increases, its impact on
angular displacement gets more obvious. Meanwhile, based on the fact that current
velocity gradually decreases to zero with water depth, the current load has a more
significant effect on the linear displacement. It is worth noting that surge and heave
motions may be more strongly coupled with each other, which may be the potential
reason why the current simultaneously affects the surge and heave more.

3. The tension of vertical tension legs is similar in pairs, while the tension of different
inclined tension legs varies greatly. In the process of transverse, longitudinal and
rotational shifts of TLP, the tension of forward tendon increases, while the tension of
afterward tendon decreases and shows a negative value, indicating that the tension
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legs are slack to a certain extent in the floating foundation movement. The strained
condition of the inclined tension leg is more complicated than that of the typical
tension leg, tremendously affecting the fatigue properties of tendons.
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