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Abstract: Systems of ocean current power generation are generally moored deep in the seabed. The
mooring system is like ropes. The ropes are very long and can provide tension but not compression,
and their dynamic displacement is large and unstable, which is different from traditional structures.
To generate high-efficiency ocean current power generation, it is necessary to design a stable mooring
system. Maintaining the stability and small dynamic displacement of the ocean current invertor is
significantly helpful for the high efficiency of the invertor. In addition, the stability of the mooring
system and a small dynamic tension, high safety factor, and long life of the mooring ropes are
essential. In this study, we investigate the transient behavior of a mooring system composed of an
inverter platform, pontoon, and ropes under initial conditions. An analytical method is proposed.
The transient translational and rotational displacements are composed of 36 independent normalized
fundamental solutions. The composition depends on the initial conditions. Each fundamental
solution is derived by using the Frobenius method. This study proposes the replacement of the
traditional single-rope mode with the double-rope parallel mode, which can maintain a high fracture
strength and low effective spring constant in the rope. It is verified that this design can decrease
instantaneous tension and increase the safety factor of the rope. Additionally, high hydrodynamic
damping coefficients can significantly increase the stability of the mooring system.

Keywords: transient motion; initial condition; double-rope parallel mode; ocean current; mooring
system; stability

1. Introduction

Ocean current power generation is a potential renewable energy technology. Global
ocean currents are rich in energy. The currents have a mean velocity of about 1.2~1.53 m/s
near the surface. The Taiwan Kuroshio current has a potential capacity of over 4 GW [1].
In general, the seabed beneath the current is over 1000 m. Studies on deep mooring
technology have helped to harness that energy [2]. The stability of ocean power generation
systems under coupled typhoon wave currents must be investigated [3]. With respect to
such systems, the development of an ocean current generator, the related design, and the
development of mathematical models and analysis methods are important topics.

In terms of the practical testing of ocean current generators set in the sea, Chen et al. [1]
successfully tested a 50 kW ocean current convertor moored to an 850 m deep seabed
beneath the Taiwan Kuroshio current. At a current speed of 1.0 m/s, the output power of
the system was 26 kW. IHI and NEDO [4] successfully tested a 100 kW convertor moored to
a 100 m deep seabed beneath the Japan Kuroshio current. The current converter generated
about 30 kW under the current speed of 1.0 m/s.

For mathematical models of the mooring systems for ocean current generation, Lin et al. [3]
proposed a mathematical model of a coupled-surface invertor–platform–rope mooring
system under regular waves and ocean currents. The dynamic stability of the in-plane
motion of the mooring system, in four degrees of freedom, was investigated. It was found

J. Mar. Sci. Eng. 2023, 11, 1533. https://doi.org/10.3390/jmse11081533 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11081533
https://doi.org/10.3390/jmse11081533
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/jmse11081533
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11081533?type=check_update&version=2


J. Mar. Sci. Eng. 2023, 11, 1533 2 of 24

that the effects of some parameters on the dynamical stability of the mooring system were
significant. Lin and Chen [5] proposed the design of a submarine floating platform-towed
parachute–pontoon–traction rope mooring system to prevent damage induced by typhoon
waves. The dynamic stability of the in-plane motion of the mooring system possessed
three degrees of freedom, and the concentrated mode was investigated. The stability and
safety of the proposed design subjected to typhoon waves and currents was verified. Lin
et al. [6] proposed the design of a submarine invertor-surfaced platform–pontoon–traction
rope mooring system. The dynamic stability of the in-plane motion of the mooring sys-
tem possessed five degrees of freedom, and the conditions of a concentrated mode under
regular waves and a steady ocean current were investigated. The stability and safety
of the proposed design subjected to typhoon waves and currents was verified. Only the
hydrodynamic surge forces on the converter and the platform were considered. Lin et al. [7]
presented the design of a submarine invertor–submarine platform–pontoon–traction rope
mooring system to generate power from undergoing typhoon wave impact and currents.
The dynamic stability of the in-plane translational motion of the mooring system possessed
six degrees of freedom, and the concentrated mode under irregular waves and a steady
ocean current was investigated. Irregular waves were simulated on the basis of several
regular waves and were constructed using the Jonswap wave spectrum model. Mean-
while, only the hydrodynamic surge forces on the converter and platform were considered.
Lin et al. [8] presented a mathematical model of the coupled translational–rotational mo-
tions of a mooring system for an ocean energy convertor with 18 degrees of freedom.
The coupled fluid–structure interaction was investigated. The hydrodynamic forces and
moments on the converter and the platform were determined using the computational
fluid dynamic method. Furthermore, the hydrodynamic damping and stiffness parameters
were obtained. However, the hydrodynamic damping of the two pontoons was neglected.
All elements have traditionally been connected by a single rope. The spectral response
and stability of the mooring system with the coupled fluid–structure parameters under the
action of periodic waves were investigated.

The theory and technology of fluid–structure interactions (FSIs) have been widely
applied in many different fields, including marine engineering [9], aerodynamics [10],
acoustics [11], and medicine [12,13].

Anagnostopoulos [9] studied wave–offshore platform interaction. The hydrodynamic
force was simulated using the Morison model.

Lin et al. [12,13] investigated the wave modes of an elastic tube conveying blood. An
analytical solution for the system was presented. The authors discovered the flexural,
Young, and Lamb modes. The energy transmission mechanisms of the three modes through
the blood vessel and blood vessel interactions were studied.

Due to the complexity of the fluid–structure interactions, FSI problems are usually
solved using numerical methods. Belibassakis [14] presented a hydrodynamic analysis of a
floating body using the boundary element method. Tsui et al. [15] investigated fluid–elastic
plate interactions using a finite-volume-based approach. Hasanpour et al. [16] studied
wave–coastal structure interactions using the coupled SPH–FEM model.

There is no discussion in the literature [3,5–8] on the transient responses of moor-
ing systems. Therefore, in this study, the transient motion, stability, and rope tension
of the ocean current power generation mooring system [8] with initial conditions and
hydrodynamic forces and moments are analyzed. This study could be of significant
assistance in maintaining the high efficiency and long lifespan of ocean current power
generation systems.

2. Mathematical Model
2.1. Dynamic Governing Equations

To avoid the wave impact of typhoons, the energy converter and the floating platform
were submerged to a safe depth. Two small floating pontoons are connected to the convertor
and the platform, respectively, using a rope, as shown in Figure 1. In the mooring system,
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the converter is mounted below the surface of the water at some safe depth so that it
will remain undamaged and stably generate electricity under wave impact. In this study,
the mathematical model of the mooring system proposed by Lin et al. was adopted [8].
Furthermore, the transient response of this model was investigated after setting some initial
conditions. The governing equation is in the matrix format, as follows:

M
d2Zd
dt2 + C

dZd
dt

+ KZd = 0 (1)

where Zd =
[
x1d y1d z1d x2d y2d z2d x3d y3d z3d x4d y4d z4d ϕTx ϕTy ϕTz ϕPx ϕPy ϕPz

]T,

M =


M1,1 0 · · · 0

0 M2,2 · · · 0
...

...
. . .

...
0 0 · · · Mn,n

, C =

 C1,1 · · · C1,18
...

. . .
...

C18,1 · · · C18,18

, K(t) =

 K1,1(t) · · · K1,18(t)
...

. . .
...

K18,1(t) · · · K18,18(t)

 . (2)
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Figure 1. Configuration of the mooring system for the ocean energy convertor. 
Figure 1. Configuration of the mooring system for the ocean energy convertor.

The elements of the mass, hydrodynamic damping, and stiffness matrices M, C, and
K are listed in Appendix A, Appendix B, and Appendix C, respectively. Lin et al. [8]
derived the hydrodynamic damping coefficients of the proposed inverter and platform.
However, the hydrodynamic damping in pontoons 3 and 4 was neglected. In this study,
the hydrodynamic heaving damping of pontoons 3 and 4 was considered, and the values
are listed in Appendix B in order to clearly investigate the transient stability of the system.
There are 36 initial conditions, as follows:

The initial translational and rotational displacements:

Zd(0) =
[
x1d0 y1d0 z1d0 x2d0 y2d0 z2d0 x3d0 y3d0 z3d0 x4d0 y4d0 z4d0 ϕTx0 ϕTy0 ϕTz0 ϕPx0 ϕPy0 ϕPz0

]T (3)
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The initial translational and rotational velocities:

dZd(0)
dt

=
[ .

x1d0
.
y1d0

.
z1d0

.
x2d0

.
y2d0

.
z2d0

.
x3d0

.
y3d0

.
z3d0

.
x4d0

.
y4d0

.
z4d0

.
ϕTx0

.
ϕTy0

.
ϕTz0

.
ϕPx0

.
ϕPy0

.
ϕPz0

]T
(4)

2.2. Integration of Two Ropes with Different Lengths in Parallel

The larger the effective spring constant K, the greater the tension caused by the
momentary movement, because there is less elastic cushioning. The K value is inversely
proportional to the length but is proportional to the diameter, and the breaking force is
also proportional to the diameter. To reduce the tension generated by the rope, a smaller
diameter can be used, but its breaking force may not be sufficient, so a multi-parallel
multi-section K value design was adopted. When the first rope is broken, the other one is
still safe, making the mooring system better protected. The overall fracture strength and
the flexibility of the integrated rope are high.

For this deep mooring system, the main mooring rope A is very long, and its effective
spring constant is small. Therefore, the buffering effect is significant. However, because the
rope i, i = B, C, or D are too short, their effective spring constants are very large, and the
buffering effect is very low. In this study, it is proposed that the rope i, where I = B, C, or D
consists of the integration of two ropes, iα and iβ, in parallel. The buffering effect of these
integrated ropes is high, and their fracture strength is great.

2.2.1. Relation between Tension and Elongation

The lengths of ropes 1 and 2 without tension are Liα and Liβ, where Liβ > Liα. The
effective spring constants of the two ropes are Kij = Eij Aij/Lij0, i = B, C, D; j = α, β.
When the elongation of the integrated rope δi < 0, in stage 0, its tension is zero, i.e., the
integrated effective spring constant Ki = Ki0 = 0. When the elongation of the integrated
rope is in the interval 0 < δi < Liβ− Liα in stage 1, the integrated effective spring constant is
Ki = Ki1 = Kiα. When the elongation of the integrated rope δi is greater than the critical one
δic1 = Liβ − Liα, in stage 2, the integrated effective spring constant is Ki = Ki2 = Kiα + Kiβ,
as shown in Figure 2. The critical tension was Tic = Kiα

(
δic1 + δiβ

)
, which is lower than the

fracture strength of rope iα. The effective spring constant of rope i is

Ki =


0, δi ≤ 0
Kiα, 0 ≤ δi ≤ δic1, i = B, C, D
Kiα + Kiβ, δic1 ≤ δi

(5)
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The total tension of rope A is

TA(t) =
{

0, δA < 0
KAδA, 0 ≤ δA

, (6)

where the total elongation of rope A is δA = δAs + δAd, the static elongation is δAs = TAs/KA,
and the dynamic elongation is δAd = x1s

LA
x1d +

y1s
LA

y1d.
The total tension of rope B is

TB(t) =


0, δB < 0

KBαδBd, 0 ≤ δB < δCc1
KBα

(
δBc1 + δBβ

)
+ KBβδBβ, δB ≥ δBc1

, (7)

where the total elongation of rope B is δB = δBs + δBd, the static elongation is δBs = TBs/KBa,
and the dynamic elongation is δBd = x1s−x2s

LB
(x1d − x2d)+

y1s−y2s
LB

(y1d − y2d).
The total tension of rope C is

TC(t) =


0, δC < 0

KCαδCd, 0 ≤ δC < δCc1
KCα

(
δCc1 + δCβ

)
+ KCβδCβ, δC ≥ δCc1

, (8)

where the total elongation of rope C is δC = δCs + δCd, the static elongation is δCs = TCs/KCa,
and the dynamic elongation is δCd = x3d(t)− x1d(t).

The total tension of rope D is

TD(t) =


0, δD < 0

KDαδD, 0 ≤ δD < δDc1
KDα

(
δDc1 + δDβ

)
+ KDβδDβ, δD ≥ δDc1

, (9)

where the total elongation of rope D is δD = δDs + δDd, the static elongation is δDs = TDs/KDa,
and the dynamic elongation is δDd = x4d(t)− x2d(t).

2.2.2. Strain Energy, Effective Spring Constant, and Fracture Strength

The fracture strength of the rope is designated as Tf ract,i. The fracture strength of rope
iα is T f ract,iα. The tension of rope iβ is T f ract,iβ when rope iα is at the broken point. The rela-
tions among tensions, effective spring constants, and the elongations can be expressed as

Tf rac,i = T f rac,iα + T f rac,iβ = γiαTf rac,i + (1− γiα)Tf rac,i (10)

T f rac,iα = Kiαδic2, T f rac,iβ = Kiβ(δic2 − δic1) (11)

where the fracture strength ratio is γiα = T f rac,iα/Tf rac,i. δic2 is the fracture elongation of
rope iα. δic1 is the critical elongation of rope iα at which the tension stage 1 transforms into
stage 2.

It is assumed that the fracture strain of rope iα and the strain of rope iβ when rope iα
is broken are, respectively,

εiα = T f rac,iα/Eiα Aiα, and εiβ = T f rac,iβ/Eiβ Aiβ (12)

The lengths of ropes iα and iβ are

Liα = Li, Liβ = Liα + δic1 (13)

The effective spring constant of ropes iα and iβ are

K j = Ej Aj/Lj, j = iα, iβ (14)
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Based on Equations (11)–(13), one obtains

δic2 = εiαLi, (15)

(δic2 − δic1) = εiβ(Li + δic1) (16)

Substituting Equation (15) into Equation (16), one obtains

δic1 =
εiα − εiβ

1 + εiβ
Li (17)

Based on
{

δic1, δic2, γiα, T f rac,iα, T f rac,iβ

}
, the fracture energy is determined to be

e f rac,i =
1
2

T f rac,iαδic2 +
1
2

T f rac,iβ(δic2 − δic1 ) =
1
2

T f rac,iLi

[
εiβ +

(
εiβ + γiα

) εiα − εiβ

1 + εiβ

]
(18)

In general, the higher the fracture energy of a rope is, the safer the rope subjected to a
given tension will be.

2.3. Examples of Integrated Ropes

Example 1: The properties of a commercial HSPE rope are as follows: Young’s modulus
EPE = 100 GPa, weight per unit length wPE = 16.22 kg/m, diameter DPE = 154 mm, cross-
sectional area APE = 0.0186 m2, length LPE = 300 m, fracture strength Tfrac,PE = 759 tons.
The fracture strain εfract,PE = Tfrac,PE/EPE APE = 0.004. The effective spring constant
KPE = EPE APE/LPE= 632(tons/m).

Assume rope i is made of two parallel smaller ropes, iα and iβ. Based on the properties
of the commercial HSPE rope, it can be assumed that the fracture strain of rope iα is
εfrac,iα = Tfrac,iα/Eiα Aiα = 0.004. The strain of rope iβ when rope iα is broken but rope iβ is
safe is εfrac,iβ = Tfrac,iβ/Eiβ Aiβ = 0.002. The fracture strength and length of the integrated
rope are considered to be Tfrac,i =750 tons and Li = 300 m, respectively.

Figure 3 demonstrates the effect of the ratio γiα of the fracture strength of the rope iα to
that of the integrated rope on the effective spring constants of the integrated rope {Ki1, Ki2},
the critical elongations {δic1, δic2}, the transformed tension Ttrans, and the fracture energy of
the integrated rope efrac,i. It was found that if the elongation δi < δic1 = 0.597 m, only rope
iα will be working, and the effective spring constant Ki1 increases with fracture strength
ratio γiα. If the elongation δic1 < δi < δic2 = 1.196 m, ropes iα and iβ will be simultaneously
subjected to loads. If the elongation δi ≥ δic2, the rope iα will be broken but not rope iβ.
The higher the fracture strength ratio γiα, the larger the fracture energy efrac,i. If the fracture
strength ratio γiα = 0.8, the fracture energy efrac,i = 403.8 (tons-m). The higher the fracture
strength ratio γiα, the larger the effective spring constant of rope iα. In other words, the
buffering effect decreases with decreasing fracture strength ratio γiα. If the elongation
δi < δic1 = 0.597 m, only rope iα will be working, and the effective spring constant Ki1 will
be significantly lower than that of the commercial HSPE dyneema, KPE= 632 (tons/m).
Therefore, a significant application of the buffering effect of impact was achieved by the
integration of parallel ropes.

Example 2: If the length of the commercial HSPE dyneema with Tfrac,PE = 759 tons,
LPE = 100 m, its effective spring constant KPE =1896 (tons/m).
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and Li = 300 m.

In Figure 4, it is considered that when rope iα is broken, the fracture strain of rope iα,
εfrac,iα = 0.004, and the strain of rope iβ, εfrac,iβ= 0.002. The fracture strength and length
of the integrated rope Tfrac,i = 550 tons and Li = 100 m, respectively. Figure 4 shows the
critical elongations δic1 =0.199 m, δic2 =0.399 m, which are less than those in Figure 3.
If the fracture strength ratio γiα = 0.8, the fracture energy efrac,i = 98.7 (tons-m), which
is smaller than that in Figure 3 due to the fracture strength and length of the rope. If
the elongation δi < δic1 = 0.199 m, only rope a will be working, and the effective spring
constant K1 will be significantly smaller than that of the commercial HSPE dyneema,
KPE = 1896 (tons/m). Therefore, the significant application of a buffering effect of impact
was achieved through the integration of parallel ropes. When considering the double-rope
parallel mode, the stiffness coefficients Kij depend on the dynamic tension of ropes, i.e., the
stiffness coefficients are time-varying, as shown in Equation (2). In this study, the solution
method derived for solving the mooring system with time-varying coefficients will be
presented later.
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Figure 4. Effect of fracture strength ratio on the properties of the integrated rope with Tfrac,i = 550 tons
and Li = 100 m.

3. Solution Method
3.1. Transient Response

The governing Equation (1) in matrix format is composed of 18 second-order ordinary
differential equations, as presented by Lin et al. [8]. Because there are two independent
fundamental solutions for a second-order ordinary differential equation, 36 independent
fundamental solutions exist for Equation (1). The general solution of Equation (1) can be
expressed as the linear combination of 36 independent fundamental solutions:

Zd(t) =
36

∑
i=1

qi


Vi,1(t)
Vi,2(t)

...
Vi,18(t)

 (19)

where the independent fundamental solutions,
[
Vi,1(t) Vi,2(t) · · · Vi,18(t)

]T , i = 1, 2, . . . , 36,
satisfy the governing Equation (1) and the following normalized condition:


V1,1
V1,2

...
V1,18




V2,1
V2,2

...
V2,18

 · · ·


V35,1
V35,2

...
V35,18




V36,1
V36,2

...
V36,18




.
V1,1.
V1,2

...
.

V1,18




.
V2,1.
V2,2

...
.

V2,18

 · · ·


.

V35,1.
V35,2

...
.

V35,18




.
V36,1.
V36,2

...
.

V36,18




t=0

=


1 0 · · · 0 0
0 1 · · · 0 0
...

...
. . .

...
...

0 0 · · · 1 0
0 0 · · · 0 1

 (20)
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Substituting the solution (19) into the initial conditions (3–4), one obtains

Zd(0) =
2n

∑
i=1

qi


Vi,1(0)
Vi,2(0)

...
Vi,18(0)

,
dZd(0)

dt
=

36

∑
i=1

qi


.

Vi,1(0).
Vi,2(0)

...
.

Vi,18(0)

 (21)

Based on Equation (21) and the normalized condition, one obtains the coefficients qi,
i = 1, 2, . . ., 36. 

q1
q2
...

q35
q36

 =

[
Zd(0)
dZd(0)

dt

]
(22)

3.2. Derivation of a Fundamental Solution

If ropes B, C, and/or D are integrated with two more ropes in parallel, their stiffness
spring constant and the elements of the stiffness matrix will vary with time. Therefore, it
is difficult to directly derive the fundamental solutions of Equation (1). A semi-analytical
method is proposed as follows:

The time interval (0, tf) is divided into m small subintervals, (t0, t1), (t1, t2), · · · ,(
tm−1, tm = t f

)
. If the number of subinterval m is large enough, the elements of the stiffness

matrix are close to constant in each subinterval. Furthermore, one can derive the indepen-
dent and normalized fundamental solution by using the modified Frobenius method.

In the small subinterval (te−1, te), the 36 independent fundamental solutions of
Equation (1) are expressed in the form of

V j,1
V j,2

...
V j,18

 =
∞

∑
i=0


αj,1,i
αj,2,i

...
αj,18,i

(t− te−1)
i, j = 1, 2 . . . , 36 (23)

For V1,1: α1,1,0 = 1, α1,1,1 = 0
For V2,1: α2,1,0 = α2,1,1 = 0,
For Vk,1: αk,1,0 = αk,1,1 = 0, k = 2, 3, . . . , n
For V2,2: α2,2,0 = 1, α2,2,1 = 0
For Vk,2: αk,2,0 = αk,2,1 = 0, k = 1, 3, 4, . . . , n
For Vk,k: αk,k,0 = 1, αk,k,1 = 0, k = 1, 2, . . . , n
For V j,k: αj,k,0 = αj,k,1 = 0, j = 1, 2, . . . , k− 1, k + 1, k + 2, . . . , n
For Vk,n+k: αk,n+k,1 = 1, αk,n+k,0 = 0, k = 1, 2, . . . , n
For V j,n+k: αj,n+k,0 = αj,n+k,1 = 0, j = 1, 2, . . . , k− 1, k + 1, k + 2, . . . , n

(24)
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Based on Equations (23) and (24), the local fundamental solutions satisfy the following
normalized condition:


V1,1
V2,1

...
Vn,1




V1,2
V2,2

...
Vn,2

 · · ·


V1,2n−1
V2,2n−1

...
Vn,2n−1




V1,2n
V2,2n

...
Vn,2n




.
V1,1.
V2,1

...
.

Vn,1





.
V1,2.
V2,2

...
.

Vn,2

 · · ·



.
V1,2n−1.
V2,2n−1

...
.

Vn,2n−1





.
V1,2n.
V2,2n

...
.

Vn,2n




t=te−1

=


1 0 · · · 0 0
0 1 · · · 0 0
...

...
. . .

...
...

0 0 · · · 1 0
0 0 · · · 0 1

 (25)

Substituting (23) into (1), and according to Equation (24), the recurrence Formula (17)
is obtained.

αj,g,i+2 = −1
(i+2)(i+1)Mgg

[
18
∑

s=1
(i + 1)αj,s,i+1Cgs +

18
∑

s=1
αj,s,iKgs

]
,

i = 0, 1, . . . , j = 1, 2, . . . , 36, g = 1, 2, . . . , 18
(26)

The coefficients of the fundamental solutions (23) can be determined via this Formula (26).
In the subdomain (te−1, te), each global fundamental solution can be linearly composed

of the 36 local independent fundamental solutions (23).
Vj,1
Vj,2

...
Vj,18


t∈(te−1,te)

=
36

∑
a=1

χja,e


Va,1
Va,2

...
Va,18


t∈(te−1,te)

, j = 1, 2, . . . , 36 (27)

The continuity conditions are as follows:


Vj,1
Vj,2

...
Vj,18


t=te−1

=
36

∑
a=1

χja


Va,1
Va,2

...
Va,18


t=te−1

,


.

V j,1.
V j,2

...
.

V j,18


t=te−1

=
36

∑
a=1

χja



.
Va,1.
Va,2

...
.

Va,18


t=te−1

, j = 1, 2, . . . , 36 (28)

Based on the continuity conditions (28), the coefficients of Equation (27) can be determined:


χ1,1,e χ2,1,e · · · χ35,1,e χ36,1,e
χ1,2,e χ2,2,e · · · χ35,2,e χ36,2,e

...
...

...
...

...
χ1,35,e χ2,2n−1,e · · · χ35,351,e χ36,35,e
χ1,36,e χ2,2n,e · · · χ35,36,e χ36,36,e


t∈(te−1,te)

=




V1,1
V1,2

...
V1,18




V2,1
V2,2

...
V2,18

 · · ·


V35,1
V35,2,

...
V35,18




V36,1
V36,2

...
V36,18




.
V1,1.
V1,2

...
.

V1,18




.
V2,1.
V2,2

...
.

V2,18

 · · ·


.

V35,1.
V35,2

...
.

V35,18




.
V36,1.
V36,2

...
.

V36,18




t=te−1

(29)

According to Equations (23), (27), and (29), all of the global fundamental solutions are
determined. Furthermore, substituting these back into Equation (19) and the initial
conditions (3–4) and (22), the transient translational and angular displacements of platform 1,
inverter 2, and pontoons 3 and 4 are determined.
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4. Numerical Results and Discussion
4.1. Effects of Initial Displacements, Effective Spring Constant, and Double-Rope Parallel Mode

Firstly, in Figure 5, the transient response of the mooring system with the initial
conditions (30) is presented. The initial translational and rotational displacements are
as follows:

Zd|t=0 =
[

x1d0 y1d0 z1d0 x2d0 y2d0 z2d0 x3d0 y3d0 z3d0 x4d0 y4d0 z4d0 ϕTx0 ϕTy0 ϕTz0 ϕPx0 ϕPy0 ϕPz0
]T

=
[

7.192 −0.013 3.6 18 0 3.6 7.198 3.6 0 18 3.6 0 0 0 0 0 0 0
]T
(m; rad)

(30)J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 13 of 27 
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(a) Total tension of ropes (I). (b) Total tension of ropes (II). (c) Displacements of pontoons, turbine,
and platform. (d) Angular displacements of turbine and platform.
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These are mainly the initial displacements in the x-direction of platform 1, inverter 2,
and pontoons 3 and 4, deviating from the neutral position. The initial (angular) velocities
are zero as follows:

.
Zd

∣∣∣
t=0

=
[ .

x1d0
.
y1d0

.
z1d0

.
x2d0

.
y2d0

.
z2d0

.
x3d0

.
y3d0

.
z3d0

.
x4d0

.
y4d0

.
z4d0

.
ϕTx0

.
ϕTy0

.
ϕTz0

.
ϕPx0

.
ϕPy0

.
ϕPz0

]T

=
[

0 · · · 0
]T

(31)

On the basis of these initial conditions, the dynamic behavior of the system can be ob-
served to revert back to the neutral position in order to investigate the stability of the
mooring system.

The parameters of the system are listed in Table 1. The ropes A, B, C, and D are made
of the same HSPE, the fracture strength of which is Tfrac = 759 tons. The hydrodynamic
damping coefficients of platform 1, inverter 2, and pontoons 3 and 4 are listed in Appendix B.
The hydrodynamic damping coefficients C3,3 = 5756(N-s/m), C4,4 = 1.465× 106(N-s/m),
C7,7 = C10,10 = 300(N-s/m).

Table 1. The parameters of the system.

Parameter Dimension Parameter Dimension

depth of seabed Hbed 1000 m length of rope C, LC 100 m

length of rope D, LD 100 m horizontal distance between the
inverter and platform LE

300 m

inclined angle of rope A, θA 300
mass moment of inertia of

the convertor
about the x, , -axis, ITx/ITy/ITz

8.940× 1010/
2.712× 1010/

8.940× 1010(kg-m2)

cross-sectional area of surfaced cylinder
of pontoon 3, ABX

4 m2
mass

moment of inertia of the platform
about the x, y, z-axis, IPx/IPy/IPz

3.0× 108/5.0× 106/
3.0× 108(kg-m2)

cross-sectional area of surfaced cylinder
of pontoon 4, ABT

4 m2 distance from the gravity of
invertor to rope B, D, RTB/RTD

16.5/12.82 m

HSPE rope

Young’s modulus EPE 100 GPa, current velocity V 1.6 m/s

weight per unit
length wPE

16.22 kg/m mass of the platform M1 300 tons

diameter DPE 154 mm mass of the invertor M2 538 tons

cross-sectional area APE 0.0186 m2 mass of the pontoon 3, M3 250 tons

fracture strength Tfrac 759 tons mass of the pontoon 4, M4 250 tons

distance from the gravity of platform to
ropes A, B, C, RPA/RPB/RPC

5/5.8/2.5 m static tension of ropes A, B, C, D,
TAs/TBs/TCs/TDs

78.07/67.53/5/5 tons

static drag of the invertor FDT 67.53 tons net buoyance of invertor and
platform FBNT/FBNB

533/320.77 tons

The maximum power coefficient of cost performance (CP) of the proposed turbine is
0.43 at a tip-speed ratio (TSR) = 3.5. When the current velocity V = 1.6 m/s, the total output
power of the two turbines is close to 400 kW [8]. Obviously, the current profile changes
with respect to time and depth. Due to the complexity of the presented theorem, and for the
sake of clarity of the presented theory, a uniform current velocity was considered. Ropes
A, B, C, and D are made of a single HSPE rope, the material and diameter of which are
the same as those listed in Table 1. Based on the formula Kd = EA./L, the effective spring
constant KAd =105.3 (tons/m), KBd =631.3 (tons/m), KCd = KDd =1889 (tons/m). The
effective spring constants of ropes B, C, and D are significantly higher than that of rope A,
because the lengths of B, C and D are very short and the diameter and fracture strength
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of ropes A, B, C, and D are the same. The transient responses are determined and shown
in Figure 5a–d.

Figure 5a,b show that, initially, the transient tensions of ropes A and B, TA and TB, are
very high. Furthermore, these tensions gradually converge to low values. However, the
tension of rope C, TC, increases gradually. This is because the effective spring constants
of ropes B, C, and D are high, and their buffet effects are weak. It is demonstrated in
Figure 5c that the displacements of the invertor and the pontoon 4 in the x-direction decay.
The displacements of the platform and pontoon 3 in the x-direction oscillate and finally
converge to about 1 m. It is demonstrated in Figure 5d that the yaw and roll angles of the
invertor are close to zero. The pitch angle of the invertor is smaller than one degree at a
time of 40 s. The pitch, yaw, and roll angles of the platform are higher than those of the
invertor. Therefore, it is verified that, because the effective spring constants of ropes C and
D are very high, their buffering feature is weak, and their instability will be easily obtained.

In order to overcome this disadvantage, ropes C and D are made of the same HSPE
material as the other ropes, but with smaller diameters so that their effective spring con-
stants will become significantly lower, while the fracture strength will decrease. In Figure 6,
the effect of lowering the diameters of ropes C and D on the transient response of the
mooring system is investigated. Ropes A and B are made of a single HSPE rope, de-
scribed in Table 1. Their cross-sectional area was AA = AB = 0.0186 m2. Their effec-
tive spring constants are the same as those in Figure 5. Ropes C and D are made of
a single HSPE rope, the same as ropes A and B. However, their cross-sectional area
was AC = AD = 0.004 m2. Based on the linear elastic theory, the effective spring con-
stant is reduced to KCd = KDd = 412.2 (tons/m). Their fracture strengths decrease to
Tf rac,j =

(
Aj/Ai

)
Tf rac,i = 162.54 tons; i = A, B, j = C, D. Figure 6a shows that the tension

of rope C converges to a lower value due to the lowering of the effective spring constants
of ropes C and D. The maximum momentary tension of rope B is TBmax = 464 tons. The
maximum momentary tension of rope C is TCmax = 125.8 tons, which is close to the fracture
strength Tf rac,C =162.54 tons. Figure 6b shows that the transient displacements are stable
and converge to the same value, as shown in Figure 5c. Therefore, it was verified that the
lower the effective spring constants of ropes C and D are, the greater the stability of the
mooring system. However, this design decreases the safety factor of the rope.
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In order to overcome the above disadvantage of low fracture strength, ropes
C and D were designed in the double-rope parallel mode presented in Sections 2.2
and 2.3. This design results in the integrated rope possessing the features of a low
effective spring constant and high fracture strength. The effective spring constants are
KAd =105.3 (tons/m),KBd =631.3 (tons/m). The parameters of the integrated ropes C, D
are Kj,stage1 = K ja = 689.7 (tons/m), Tjc =, 137 tons, Kj,stage2 =1394 (tons/m), j = C, D. The
fracture strengths of ropes Tf rac,A = Tf rac,B = 759 tons,Tf rac,C = Tf rac,D =550 tons. It can
be seen in Figure 7a that the maximum momentary tension of rope B is TBmax = 465 tons,
which is close to that of Figure 6. It can be seen from Figure 7b that the displacements are
stable and convergent. It was verified that the double-rope parallel mode is helpful for
achieving system stability and high fracture strength.
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4.2. Effects of the Length of Rope and Hydrodynamic Heaving Damping
4.2.1. Transient Response and Improvement of Stability and Safety, LC = 100 m, LD = 110 m

The effect of variations in the length of ropes C and D on the transient response was
investigated, and the results are shown in Figure 8. Except for LC = 100 m, LD = 110 m,
the other parameters are the same as those used in Figure 6. The effective spring constants
KAd =105.3 (tons/m), KBd =631.3 (tons/m), KCd =412.2 (tons/m),KDd = 403.4 (tons/m).
The fracture strengths of ropes A, B, Tfrac,A = Tfrac,B = 756 (tons). The fracture strengths
of ropes C, D, Tfrac,C = Tfrac,D = 162.54 tons. The hydrodynamic damping coefficients
C3,3 =5756 (N-s/m), C4,4 = 1.465× 106 (N-s/m), C7,7 = C10,10 = 300 (N-s/m). It can be
seen from Figure 8a that the tension of rope B is the greatest among ropes A, B, C, and D.
The maximum momentary tension of rope B is TBmax = 617 tons, which is significantly larger
than the TBmax = 464 tons shown in Figure 6, with LC = LD = 100 m. It can be concluded that
the effect of the lengths of ropes C and D on the maximum tension of rope B is significant.
Figure 8b shows that the angular and translational displacements of the invertor are small.
However, the swaying displacement z1d of the platform increases significantly.
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turbine, and platform.

It can be concluded by comparing Figures 6 and 8 that the effect of the lengths of ropes
C and D on the transient response is significant.

In order to overcome the above disadvantages of the low fracture strength of ropes
C, and D, the doubled-rope parallel mode derived in Sections 2.2 and 2.3 is proposed.
This design results in a low effective spring constant and high fracture strength of the
integrated rope. In Figure 9, the effective spring constant of rope A KAd =105.3 (tons/m).
The parameters of the integrated ropes B, C, and D are KB,stage1 = KBa = 205 (tons/m),
TBc =299 tons, KB,stage2 =376.2 (tons/m), KC,stage1 = KCa =344.8 (tons/m), TCc =136 tons,
KC,stage2 = 1048 (tons/m), KD,stage1 = KDa =131.5 (tons/m), TDc =137 tons, KD,stage2 =940
(tons/m), and the fracture strengths of ropes A, B, Tfrac,A = Tfrac,B = 750 tons. The fracture
strengths of ropes C, D, Tfrac,C = Tfrac,D = 550 tons. The other parameters are the same as
those in Figure 8. It can be observed from Figure 9a that the maximum momentary tension
values of ropes A, B are TAmax = 455 tons and TBmax = 444 tons. It can be seen from Figure 9b
that the heaving displacement of platform 1, invertor 2, and pontoons 3 and 4 converge to
near zero. The swaying displacement z1d of the platform oscillates.

In Figure 10, the effect of larger hydrodynamic heaving damping coefficients on
the transient response is demonstrated. In this case, the damping coefficients of all
of the elements increased to be C3,3 = 1.15× 106 (N-s/m), C4,4 = 2.96× 108 (N-s/m),
C7,7 = C10,10 = 6× 104 (N-s/m). The other parameters are the same as those in Figure 9. It
was found that the swaying displacement z1d of the platform significantly decreased. The
mooring system therefore became more stable.
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Figure 10. Transient response of mooring system with the double-rope parallel modes B, C, D, and
larger heaving hydrodynamic damping. (a) Total tension of ropes. (b) Displacements of pontoons,
turbine, and platform.

4.2.2. Transient Response and Improvement of Stability and Safety, LC = 110 m, LD = 100 m

In Figure 11, the effect of the lengths of ropes C and D on the transient response
of the mooring system is depicted. Except for LC = 110 m, LD = 100 m, the other
parameters are the same as those used in Figure 6. The effective spring constants
KAd = 105.3 (tons/m), KBd = 631.3 (tons/m),KCd = 406.9(tons/m),KDd = 412.2 (tons/m).
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The fracture strengths of ropes A, B, Tfrac,A = Tfrac,B = 750 tons. The fracture strengths of
ropes C, D, Tfrac,C = Tfrac,D = 162.5 tons. It can be observed from Figure 8a that the tension
of rope A is the greatest among ropes A, B, C, and D. The maximum momentary tensions of
ropes A and B are TAmax =461 tons and TBmax = 294 tons, respectively, which is significantly
lower than the TBmax = 464 tons shown in Figure 6, with LC = LD = 100 m. It can be
concluded that the effect of the lengths of ropes C and D on the maximum tensions of ropes
A and B is significant. However, it is shown in Figure 8b that the heaving displacements
of the invertor and pontoon 4 are significantly increased. Finally, the invertor is lifted to
the water surface. The swaying displacement of the platform increases significantly. This
means that the mooring system is unstable.
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Figure 11. Transient response of mooring system with LC = 110 m, LD = 100 m. (a) Total tension of
ropes. (b) Displacements of pontoons, turbines, and platform.

In order to overcome the above disadvantages of the low fracture strength of the rope,
the double-rope parallel mode was proposed. The effective spring constant of rope A
KAd =105.3 (tons/m). The parameters of the integrated ropes B, C, and D are KB,stage1 =

KBa = 205 (tons/m), TBc = 299 tons, KB,stage2 = 376.2 (tons/m), KC,stage1 = KCa = 313.5 (tons/m),
TCc = 137 tons, KC,stage2 = 940 (tons/m), KD,stage1 = KDa = 344.8 (tons/m), TDc = 136 tons,
KD,stage2 = 1048 (tons/m). The fracture strengths of ropes A, B, Tfrac,A = Tfrac,B = 756 tons. The
fracture strengths of ropes C, D, Tfrac,C = Tfrac,D = 550 tons. The hydrodynamic heaving damp-
ing coefficients are increased as follows: C3,3 = 1.15× 106(N-s/m), C4,4 = 2.96× 108(N-s/m),
C7,7 = C10,10 = 6× 104(N-s/m). The other parameters are the same as those in Figure 11.
Figure 12a shows that the tensions of ropes are significantly decreased. Figure 12b demon-
strates that the heaving displacements x2d, x4d are almost fixed. The swaying displacement
z1d of the platform is close to zero. This means that increasing the hydrodynamic damping
is greatly helpful for the stability of the system.
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4.3. Effect of Initial Velocities

The new initial conditions are considered as follows:

Zd|t=0 =
[

x1d0 y1d0 z1d0 x2d0 y2d0 z2d0 x3d0 y3d0 z3d0 x4d0 y4d0 z4d0 ϕTx0 ϕTy0 ϕTz0 ϕPx0 ϕPy0 ϕPz0
]T

= [0.05, 1.888,−0.003, 0.36, 1.884,−0.001, 0.36, 1.8, 0.36, 1.8, 0.36, 0, · · · , 0]T(m; rad),
(32)

.
Zd

∣∣∣
t=0

=
[ .

x1d0
.
y1d0

.
z1d0

.
x2d0

.
y2d0

.
z2d0

.
x3d0

.
y3d0

.
z3d0

.
x4d0

.
y4d0

.
z4d0

.
ϕTx0

.
ϕTy0

.
ϕTz0

.
ϕPx0

.
ϕPy0

.
ϕPz0

]T

=
[

0.05(m/s), 0, 0, 0.05(m/s), 0, · · · , 0
]T

(33)

where the initial (angular) displacements are close to zero. The initial velocities in the x-
direction of platform 1 and invertor 2 are 0.05 (m/s). The hydrodynamic heaving damping
coefficients C3,3 = 5756 (N-s/m), C4,4 = 1.465× 106 (N-s/m), C7,7 = C10,10 = 300 (N-s/m),
which is significantly lower than those in Figure 12. In Figure 13, the transient response
with LC = LD = 100 m and the different initial conditions described the above cases are
presented. The effective spring constant of rope A KAd = 105.3 (tons/m). The parameters
of the integrated ropes B, C, and D are KB,stage1 = KBa = 205 (tons/m), TBc = 299 tons,
KB,stage2 = 376.2 (tons/m), Kj,stage1 = K ja = 344.8 (tons/m), Tjc = 136 tons, Kj,stage2 =
1048 (tons/m). j = C, D. The fracture strengths of ropes A, B, Tfrac,A = Tfrac,B = 756 tons. The
fracture strengths of ropes C, D, Tfrac,C = Tfrac,D = 550 tons. The other parameters are the
same as those employed in Figure 12. It can be seen from Figure 13a that the tensions are
significantly lower than the fracture strengths. It is demonstrated in Figure 13b that the
mooring system is stable.
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5. Conclusions

In this paper, the transient response of the transient translational-rotational motions
of the mooring system was investigated for the ocean energy converter presented by Lin
et al. [8] under a number of initial conditions. The normal power generation of the proposed
turbine was 400 kW at a current velocity V = 1.6 m/s. Its maximum power coefficient of CP
was 0.43. A semi-analytical method was presented for the system. The double-rope parallel
mode was proposed. This mode was demonstrated to be able to effectively increase the
buffering feature and fracture strength. The translational and rotational displacements of
the mooring system will be significantly decreased with enough buffering features and
hydrodynamic damping. Moreover, the effects of several parameters on the transient
performance of the mooring system were investigated, and conclusions can be drawn
as follows:

1. The lower the effective spring constants of the ropes are, the higher the buffering
feature of the mooring system will be.

2. The higher the effective spring constants of the ropes are, the higher the momentary
tension of the ropes will be.

3. In traditional setups, the lower the effective spring constants of single-rope mode are,
the lower the fracture strength of the rope will be. This disadvantage can be overcome
by using the double-rope parallel mode.

4. The effect of the lengths of ropes C and D on the transient response is significant.
5. The larger the hydrodynamic damping coefficients are, the stabler the mooring system

will be.
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Nomenclature

ABX: ABT cross-sectional area of surfaced cylinder of pontoons 3 and 4, respectively
ABY, ATY damping area of platform and convertor under current, respectively
C matrix of damping
CDFy, CDTy damping coefficient of floating platform and convertor
Ei Young’s modulus of rope i, i = A, B, C, D
efrac fracture energy of rope
FB buoyance
fPys, fTys the drag of the floating platform and the convertor under steady current
Hbed depth of seabed
ITj, IPj mass moment of inertia of the convertor and the platform about the j-axis.
g gravity
K matrix of stiffness
Kid effective spring constant of rope i, Ei Ai/Li
Li, length of rope i, i = A, B, C, D

LE, horizontal distance between the convertor and platform,
√

L2
B − (LC − LD)

2

M matrix of mass
Mi mass of element i
Me f f ,i effective mass of rope A in the i-direction
mki hydrodynamic moment of convertor or platform about the i-axis
→
R coordinate
Ti tension force of rope i
t time variable
V ocean current velocity
Wi weight of component i
wPE weight per unit length of HSPE
xi, yi, zi displacements of component i
ε strain
ρ density of sea water
ϕkj angular displacement of convertor or platform about the j-axis
θi angles of rope i
δi elongation of rope i
Subscript:
0~4 mooring foundation, floating platform, convertor, and two pontoons, respectively
A, B, C, D Ropes A, B, C, and D, respectively
crit critical
iα, iβ component α, β of rope i = A, B, C, and D
frac fracture
s, d static and dynamic, respectively
PE PE dyneema rope
P platform
T convertor
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Appendix A. Elements of the Mass Matrix M =
[
Mi,j

]
18×18

The translational inertia coefficients of platform 1:

M1,1 =
(

M1 + Me f f ,x

)
, M1,j = 0, j 6= 1; M2,2 =

(
M1 + Me f f ,y

)
, M2,j = 0, j 6= 2;

M3,3 =
(

M1 + Me f f ,z

)
, M3,j = 0, j 6= 3; Me f f ,x =

4ρALA sin θA
π2 ,

Me f f ,y =
4ρALA cos θA

π2 , Me f f ,z = 0

The translational inertia coefficients of invertor 2:

M4, 4 = M2, M4, j = 0, j 6= 4;
M5, 5 = M2, M5, j = 0, j 6= 5; M6, 6 = M2, M6, j = 0, j 6= 6;

The translational inertia coefficients of pontoon 3:

M7, 7 = M3, M7, j = 0, j 6= 7; M8, 8 = M3, M8, j = 0, j 6= 8;
M9, 9 = M3, M9, j = 0, j 6= 9;

The translational inertia coefficients of pontoon 4:

M10, 10 = M4, M10, j = 0, j 6= 10;
M11, 11 = M4, M11, j = 0, j 6= 11; M12, 12 = M4, M12, j = 0, j 6= 12

The rotational inertia coefficients of invertor 2:

M13, 13 = ITx, M13, j = 0, j 6= 13; M14, 14 = ITy, M14, j = 0, j 6= 14;
M15, 15 = ITz, M15, j = 0, j 6= 15;

The rotational inertia coefficients of platform 1:

M16, 16 = IPx, M16, j = 0, j 6= 16; M17, 17 = IPy, M17, j = 0, j 6= 17;
M18, 18 = IPz, M18, j = 0, j 6= 18.

Appendix B. Elements of the Hydrodynamic Damping Matrix C =
[
Ci,j
]

18×18
The translational hydrodynamic damping coefficients of platform 1:

C1,1 = 5800(N-s/m), C1,18 = 3.065× 104(N-s), C1,j = 0, j 6= 1, 18;

C2,1 = 121.4(N-s/m), C2,2 = 768.4(N-s/m) C2,3 = 108.5(N-s/m),

C2,16 = 7.375× 104(N-s), C2,18 = 7.374× 104(N-s) C2,j = 0, j 6= 1, 2, 3, 16, 18;

C3,3 = 5756(N-s/m) C3,16 = −3.1174× 104(N-s), C3,j = 0, j 6= 3, 16;

The translational hydrodynamic damping coefficients of invertor 2:

C4,4 = 1.465× 106(N-s/m), C4,j = 0, j 6= 4;

C5,4 = 2.085× 105(N-s/m), C5,5 = 9.802× 105(N-s/m), C5,6 = 1.256× 105(N-s/m), C5,j = 0, j 6= 4, 5, 6;

C6,6 = 7× 105(N-s/m), C6,j = 0, j 6= 6;

The rotational hydrodynamic damping coefficients of invertor 2:

C13,6 = −4.440× 106(N-s) C13,13 = −∂mTx

∂
.
ϕ2x

= 13150(N-m-s), C13,j = 0, j 6= 6, 13;

C14,14 = 2.837× 108(N-m-s), C14,j = 0, j 6= 14;

C15,4 = 7.453× 106(N-s), C15,15 = 2.894× 107(N-m-s) C15,j = 0, j 6= 4, 15;

The rotational hydrodynamic damping coefficients of platform 1:

C16,3 = 8.671× 104(N-s), C16,16 = 1076(N-m-s), C16,j = 0, j 6= 3, 16;
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C18,1 = 8.654× 104(N-s) C18,18 = 5.951× 104(N-m-s), C18,j = 0, j 6= 1, 18;

Other coefficients:

Ci,j = 0, i = 7 ∼ 12, 17; j = 1 ∼ 18;

The above coefficients were presented by Lin et al. [8]. The hydrodynamic damping of
pontoons 3 and 4 was neglected. In this study, for dynamic stability, the hydrodynamic
heaving damping of pontoons 3 and 4 was considered as follows:

C3, 3 = 5756 or 1.15× 106N − s/m, C4, 4 = 1.465× 106 or 2.93× 108N − s/m,
C7, 7 = C10, 10 = 300 or 6× 104N − s/m

Appendix C. Elements of the Stiffness Matrix K =
[
Ki,j
]

18×18
The translational stiffness coefficients of platform 1:

K1,1 = −
(

KCd +
TAs cos θAs

LA
+

sin θAsKAdx1s
LA

− TBs cos θBs
LB

− sin θBsKBd
(x2s − x1s)

LB

)

K1,2 = −
(

sin θAsKAd
y1s
LA
− sin θBsKBd

(y2s − y1s)

LB

)
, K1,4 = −

(
TBs cos θBs

LB
− sin θBsKBd

(x2s − x1s)

LB

)
K1,5 = − sin θBsKBd

(y2s − y1s)

LB
, K1,7 = KCd,

K1,18 = 6508.5N K1j = 0, j 6= 1, 2, 4, 5, 7, 18;

K2,1 =

(
KAd

x1s
LA

cos θAs − KBd
x1s − x2s

LB
cos θBs −

(
TAs sin θAs

LA
+

TBs sin θBs
LB

))
K2,2 =

(
KAd

y1s
LA

cos θAs − KBd
y1s − y2s

LB
cos θBs

)
, K2,4 =

(
KBd

x1s − x2s

LB
cos θBs +

TBs sin θBs
LB

)
,

K2,5 = KBd
y1s − y2s

LB
cos θBs, K2,16 = 2072N,

K2,18 = 2043.5N, K2,j = 0, j 6= 1, 2, 4, 5, 16, 18;

K3,3 =

(
TAs
LA

+
TBs
LB

+
TCs
LC

)
, K3,6 = −TBs

LB
, K3,9 = −TCs

LC
, K3,16 = −6547N

K3,j = 0, j 6= 3, 6, 9, 16;

The translational stiffness coefficients of invertor 2:

K4,1 =

(
TBs cos θBs

LB
+ sin θBsKBd

(x2s − x1s)

LB

)
, K4,2 = sin θBsKBd

(y2s − y1s)

LB
,

K4,4 =

(
KDd −

TBs cos θBs
LB

− sin θBsKBd
(x2s − x1s)

LB

)
, K4,5 = − sin θBsKBd

(y2s − y1s)

LB
, K4,10 = −KDd,

K4,15 = 1.5× 106N K4,j = 0, j 6= 1, 2, 4, 5, 10, 15;

K5,1 =

(
KBd

x1s − x2s

LB
cos θB

)
, K5,2 =

(
KBd

y1s − y2s

LB
cos θB

)
, K5,4 = −

(
KBd

x1s − x2s

LB
cos θB

)
,

K5,5 = −
(

KBd
y1s − y2s

LB
cos θB

)
, K5,13 = 2.349× 105N

K5,15 = 5.850× 105N K5,j = 0, j 6= 1, 2, 4, 5, 13, 15;

K6,3 = −TBs
LB

, K6,6 =

(
TBs
LB

+
TDs
LD

)
, K6,12 = −TDs

LD
,

K6,13 = −5.880× 105N K6,j = 0, j 6= 3, 6, 12, 13;
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The translational stiffness coefficients of pontoon 3:

K7,1 = −KCd, K7,7 = (KCd + ABxρg), K7,j = 0, j 6= 1, 7;

K8,8 =
TCs
LC

, K8,2 =
−TCs

LC
, K8j = 0, j 6= 2, 8;

K9,3 =
−TCs

LC
, K9,9 =

TCs
LC

, K9,j = 0, j 6= 3, 9;

The translational stiffness coefficients of pontoon 4:

K10,4 = −KDd, K10,10 = ( KDd + ABTρg), K10,j = 0, j 6= 4, 10;

K11,5 =
−TDs

LD
, K11,11 =

TDs
LD

, K11,j = 0, j 6= 5, 11;

K12,6 =
−TDs

LD
, K12,12 =

TDs
LD

, K12,j = 0, j 6= 6, 12;

The rotational stiffness coefficients of invertor 2:

K13,3 =
−TBsRTBx

LB
, K13,6 =

TBsRTBx
LB

, K13,13 =

(
TBs cos θBsRTBx −

∂mTx
∂ϕ2x

)
,

∂mTx
∂ϕ2x

= 4.866× 106(N-m), K13,j = 0, j 6= 3, 6, 13;

K14,6 =
TDsRTDy

LD
, K14,12 =

−TDsRTDy

LD
, K14,13 = −9.537× 105(N-m)

K14,14 = TDsRTDy, K14,j = 0, j 6= 6, 12, 13, 14

K15,1 =
−TBsRTBz cos θB

LB
, K15,4 =

TBsRTBz cos θB
LB

, K15,13 = −5.022× 104(N-m)

K15,15 = TBsRTBz cos θB −
∂mTz
∂ϕ2z

,
∂mTz
∂ϕ2z

= 8.472× 106(N-m), K15,j = 0, j 6= 1, 4, 13, 15;

The rotational stiffness coefficients of platform 1:

K16,3 =
TBsRPBx

LB
− TAsRPAx

LA
, K16,6 =

−TBsRPBx
LB

, K16,16 = TAs cos θAsRPAx + TBs cos θBsRPBx −
∂mPx
∂ϕ1x

,

∂mPx
∂ϕ1x

= 1.038× 105(N-m), K16,j = 0, j 6= 3, 6, 16;

K17,3 =
TAsRPAy

LA
+

TCsRPCy

LC
, K17,9 =

−TCsRPCy

LC
, K17,17 = TAs cos θAsRPAy + TCsRPCy

K17,j = 0, j 6= 3, 9, 17;

K18,1 =
TAs cos θAsRPAz

LA
− TBs cos θBsRPBz

LB
, K18,2 =

−TCsRPCz
LC

, K18,4 =
TBs cos θBsRPBz

LB
,

K18,5 =
TCsRPBz

LC
, K18,18 = TAs cos θAsRPAz + TBs cos θBsRPBz + TCsRPCz −

∂mPz
∂ϕ1z

,

∂mPz
∂ϕ1z

= 1.010× 105(N-m), K18,j = 0, j 6= 1, 2, 4, 5, 18
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