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Abstract 

The increasing demand for energy consumption urges seeking safe, clean and renewable 

energies. In recent years, many countries have set a series of national-wide policies on 

exploiting ocean renewable energies to fulfil their goal of decarbonization. Since Japan 

possesses an immense exclusive economic zone, fully developing its own energy 

potential is the key to ensuring energy security. 

The present thesis concentrates on offshore power transmission, an essential 

research topic relating to the productivity of ocean energy development. In past 

engineering practices, submarine cables were the only feasible solution. However, its 

maintenance cost, transmission loss and sensitivity to the seabed environment restrict its 

applications. According to the deep-water environment in the surrounding seas of Japan, 

the present work proposes a floating overhead power transmission system (FOPTS) that 

uses TLP to support transmission conductors learning from the experience of floating 

offshore wind turbines (FOWTs). In addition to the numerical modelling, water tank 

experiments and wind tunnel tests are also carried out to verify the reliability of the 

system, so as to provide guidance and inspiration for subsequent research. 

Chapter II focuses on the process and development environment of numerical 

modelling. First, dynamic modelling of the TLP system is carried out based on classical 

mechanics, and the overhead conductor are modelled using the lumped-parameter 

method. Meanwhile, the offshore wind and waves are modelled using the potential flow 

theory and the wake oscillator model. Wind-wave misalignment, turbulence effect of 

winds, and other factors were added to the model to consider the actual offshore 

environment. Using MATLAB SIMSCAPE®, each mechanical module is designed 
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separately and can be freely combined to perform efficient FOPTS numerical 

simulations. 

Chapter III introduces the water tank experiment for verifying the hydrodynamic 

module. A TLP model is created using 3D printing and equipped with a pulley-wire 

system to study the wire response. The response of the tower-wire system under regular 

waves reveals that the sheave mechanic can effectively suppress the motion of the wire 

without changing the dynamic performance of the TLP itself. At the same time, the 

experimental results are compared with the numerical simulation, and good consistency 

is obtained to prove the reliability of the numerical model. 

Chapter IV introduces the parametric design workflow for FOPTS. Based on the 

conclusion of Chapter III, the parameters of TLP and overhead conductor are separately 

designed in the frequency domain. Based on the research of National Renewable Energy 

Laboratory (NREL) and Zhao et al. (2012), a three-legged TLP with better 

hydrodynamic performance is used to ensure the stability of overhead conductor. The 

newly designed FOPTS parameters are fully listed at the end of the chapter. 

Chapter V introduces the wind tunnel test for verifying the aerodynamic module of 

overhead conductor. The TLP motion in waves is simulated by a stepper motor, and the 

tension and motion responses of the conductor are studied under different wind and 

wave conditions. The influence of Everyday Strength (EDS) and subharmonic 

resonance on the dynamic performance of overhead conductor was observed through 

experiments. The experimental results are in good agreement with the simulation, 

proving the reliability of the lumped-parameter method and wake oscillator model in 

numerical modelling. 

Chapter VI conducts a series of numerical simulations. Based on the environmental 
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data from the Sea of Japan, the response of FOPTS equipped with different types of 

ACSR conductors is simulated. The numerical study focuses on the safety assessment of 

the conductor, mooring line and ship navigation. It is found that different conductors 

respond differently, and an overweight conductor is more sensitive to wind and wave 

misalignment under extreme wind and wave conditions. Although an overweight 

conductor has high power transmission efficiency, they should be used carefully in 

consideration of stress safety. The effect of conductor motion on ship navigation is also 

studied, and safety clearance for daily navigation is obtained. Regarding mooring lines, 

the change of wave direction has little effect on the tendon force of the three-legged TLP, 

while the extreme wind condition affects the lower limit of tendon tension, which is the 

main factor affecting mooring safety.  The influence of the second-order wave force on 

the calculation accuracy of the conductor response is studied. It is found that when the 

EDS is small, the influence of the second-order force on the conductor response is more 

apparent, and the influence of the EDS is less than 3% when the value of the EDS is 

selected according to the design conditions, which can be ignored to improve the 

computational efficiency. 

Chapter VII summarizes the main conclusions. When the sheave mechanic was 

introduced, it was proven effective in separating each part of FOPTS for frequency 

design. Wind-wave misalignment has a clear impact on the performance of overhead 

conductors, which should be considered in designing. For the design of the overhead 

conductor, the setting of Everyday strength (EDS) is the most critical, and subharmonic 

resonance is an essential factor to the safety of power conductor under regular sea 

conditions. Through experimental verification, the numerical model proposed in this 

study has been proven reliable. Improvements and prospects for future research are also 
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given at the end of this chapter. 
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CHAPTER I 

Introduction 

1.1 Historical background 

The oceans provide vast renewable energy resources [1-4]. Many countries have 

scheduled offshore power plants as part of their national decarbonization projects to 

confirm their energy safety (as shown in Fig 1-1). In recent years, deep-sea 

development [5-6] has been considered a positive choice in the near future.  In offshore 

development, offshore wind power (OWP), without many limiting factors of onshore 

wind farms (noise, land use, etc.), shows a potential growth in recent 10 years (as shown 

in Fig 1-2). In recent years, the price decline of wind power [7] in recent years (as 

shown in Fig 1-3) caused by technological advancement will promote the OWP 

industrialized development and lead wind power to become a mainstream energy source 

for daily life. 

 

Fig 1-1. Shares of annual net additions in power generating capacity, 2011-2021[7] 
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Fig 1-2. Offshore wind power capacity, 2010-2020[7]. 

 

 

 

Fig 1-3. Decrease for power generation costs of renewable energy, 2010-2021[7] 
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Fig 1-5. Distribution of offshore wind farms in Europe ( blue: in operation; red: under 

construction)[12] 

 

 

Fig 1-4. EEZ of Japan 
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Fig 1-5. OWTs operated in Japan[16] 

Even though systemic research and engineering development only started at the 

beginning of this century, many countries have scheduled offshore power plants as part 

of their national decarbonization projects. China has made a national target of 5 GW 

offshore capacity by 2020 [8-9]. European countries have a total OWP capacity of 15GW and 

expect an installation of 150GW by the year 2050 [10-11]. With the development of 

technology, the primary cost was relatively reduced in the past ten years, as shown in 

Fig 1-3.  For this reason, the World Bank Group has carried out a new program to speed 

the deployment of offshore wind power in emerging markets, which shows strong 

confidence in the foresight of this industry.  

Japan has an over 4400000𝑘𝑚2 EEZ and restores a potential of 1000GW in OWP 

but shows a slow progress in the offshore power development. Since Japan is highly 

dependent on the export of fossil fuels, the government started the national project for 

OWP in 2010 to consider energy safety [13-15]. Even though in the last decade, Japan 

has been largely behind in promoting related systems of OWP compared to the EU or 
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China, the highly developed technology provides a strong guarantee for the OWP 

business. Until 2020, Japan has developed over 60MW OWP installations, including 

two deep-sea FOWTs, showing a solid technological strength to the world [16]. The 

goal for OWP installation in the future is shown in Fig 1-6. The Japan OWP will reach a 

target of 10GW in 2030 and 40GW in 2040. OWP is a vital power source for Japan's 

electricity demand and decarbonization. In addition, since the business scale is large and 

the base of related industries is wide, researchers must attract domestic and foreign 

investment and develop it into a new major industry in Japan. 

 

Fig 1-6. Installation plan on OWP of Japan [17] 

1.2 Proposal of FOPTS 

The present research will focus on the power transmission. Submarine cables are the 

only practical method for long-distance offshore power transmission [18-19]. Though 

the cost of cables has been relatively reduced with the development of material 
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technology [20-21], the maintenance cost (caused by ocean currents, earthquakes, etc.[22-

23]) and electrical loss in transmission can reach a high level [24-27] in offshore work 

condition because of the complex seabed environment. To provide an alternative power 

transmission method, the floating overhead power transmission system (FOPTS) has 

recently been studied by RIAM, Kyushu University. The overview of FOPTS can be 

shown in Fig 1-7. Since bare conductor lines are supported beyond the water surface by 

transmission towers, FOPTS can significantly reduce the electric loss during power 

transmission with a low impedance [28]. The maintenance cost for the floating tower 

and conductor wire can also be lower compared to operations on the seabed. 

 

Fig 1-7. Overview of two types of the offshore power transmission system. 

1.3 Related research 

The background of our research is based on the offshore environment of Japan. Though 

Japan has the world's top-level exclusive economic zone (EEZ) that reserves a 

significant amount of wind energy resources [29-30], different to Europe, the OWP for 

Japan should adapt to the long-distance and deep water environment to satisfy the fact 

of Japan’s sea area.  
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A typical support structure option for the offshore wind turbine (OWT) is shown in 

Fig 1-8. From this figure, it is evident that the rigid type foundations (such as monopile, 

tripod and lattice tower) are always deployed at places within a water depth of 50m.  

Considering these situations, a floating platform, which has many advantages in deep 

waters in cost, construction, installation, and decommission [31], should be a possible 

option for the electric post of FOPTS. Therefore, the design and evaluation of FOPTS 

could gain experience from the floating offshore wind turbines (FOWT) [32-34]: 

(1) Floating foundation design 

FOWT is a complex dynamic system with a higher degree of freedom constrained 

by a mooring system. The usual floating foundation can be a spar, semi-submersible, 

tension leg, barge, or another innovative platform [35-38]. In the design of FOPTS, the 

tension-leg platform (TLP) concept is considered promising because of the significant 

motion reduction compared to other floating types without requiring a large draft like a 

spar or a spreading mooring system like a semi-submersible.  

Moreover, in the form of TLP, a small water plane can effectively reduce the 

hydrodynamic loads on the floating foundation of FOPTS. Zhao et al. [39] numerically 

studied two TLP floating wind turbines with different waterplane areas and compared 

their hydrodynamic performance, certifying that the multi-legged TLP can effectively 

restrain pitch rotation. Oguz et al. [40] studied a TLP floating wind turbine with a small 

waterplane area and experimentally proved the significant effect of underwater 

pontoons in depressing rotations. Since FOPTS is expected to have less load above the 

water (on the tower and the wire) than FOWT (on the blades and the tower), the design 

of the underwater part (pontoon, buoyancy column, etc.) is the essential aspect. 
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Fig 1-8. Typical support structure options applicable at different water depths [37] 

(2) Performance evaluation 

A reliable numerical tool is usually required for the simulation under various sea 

conditions to reduce the overall cost in practical applications. When viscous effects are 

not dominant for large-diameter marine structures, the boundary integral equation 

method based on potential flow theory is considered more appropriate in contrast to 

computational fluid dynamics (CFD) methods, owing to the computational efficiency.  

Noticeably, wind-wave misalignment, an unignorable phenomenon in offshore 

environments, should be carefully considered in the design and simulations. Many 

researchers, such as Barj et al. [41], Bachynski et al. [42] and Yoshida et al. [43], 

numerically studied the wind-wave misalignment effects on the FOWT's load and 

motion. Li et al. [44] developed a numerical model to evaluate the impact on the power 

output, an essential metric for evaluating an offshore wind farm. For FOPTS, wind-

wave misalignment is supposed to affect only the conductor wire due to the absence of 
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the wind turbine rotor. Therefore, our subsequent studies should concentrate on the 

behaviour of the overhead conductor. 

(3) Safety evaluation 

Safety evaluation for a FOWT mainly involves structural strength and mooring. 

Yeter et al. [45] assessed the ultimate strength of a jacket offshore wind turbine support 

structures at different water depths. Campanile et al. [46] proposed a selection method 

of mooring systems for FOWTs in deep water based on ultimate, accidental and fatigue 

limit state design conditions, with reference to power production, parked wind turbine 

and mooring line fault conditions. Since the primary purpose of FOPTS is power 

transmission, researchers should focus their concerns on the safety of conductor wire 

[47] and mooring system. 

Previous relevant works are somewhat limited, possibly because FOPTS is a 

newly-arisen topic. Pioneering efforts were initially presented by Zhu et al. [48], Hu et 

al. [49] and then summarized by Zhu and Hu [50]. Numerical simulations and towing 

tank experiments were carried out to test FOPTS atop triangular TLPs, and an 

optimization approach was also proposed to handle the overall system's design. 

Unfortunately, these works focused on the motion response and stability of the floater 

but gave pretty limited attention to the conductor, which ought to be the primary facility 

for transmitting the power. To fill the knowledge gap, since knowing the behaviour of 

conductor wires and their inverse interactions with the floater is essential, the dynamics 

of conductor wires are carefully modelled and studied in the present study. To this end, a 

numerical tool for simulating precisely the wire dynamics is developed in a graphical 

programming environment using Matlab®. The developed tool is validated by 
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experiment data after that. Worth mentioning is that the support TLP is re-designed to 

improve the wire's safety under extreme conditions and overcome the shortage of 

triangle TLP in Zhu [48-50]. 

 

Fig 1-9. An image of offshore overhead power transmission system 

1.4 Scope of the present thesis 

The present research aims to provide a fundamental investigation of the new proposed 

FOPTS scheme. The remainder of the paper will be organized as follows: we first 

outline the fundamental theories and mathematical method used in this work, and the 

numerical environment applied in the research is also introduced in Section 2.6. In 

Chapter III, we perform a water tank experiment to study the tower-wire system, and 

validations to confirm the feasibility of the simulation are also attached in this chapter. 

In chapter IV, the hydrodynamics of FOPTS are improved accordingly to guarantee the 

safety of conductor wires, and a control law to adjust the wire force is applied to the 
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system, which is helpful in affecting the dynamics of overhead conductor wire. To 

validate the aerodynamic model based on the new design, we present a wind tunnel 

experiment in Chapter V. A numerical investigation for the offshore environment is 

described in Chapter VI, composite environmental factors is considered, and safety 

evaluations for conductor wires and mooring lines are conducted in the research. In 

conclusion, the numerical method developed in this study could be used in predictions 

of FOPTS dynamics with acceptable accuracy and contribute to offshore power 

development. 
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CHAPTER II 

Basic theories and mathematical algorithms 

2.1 Introduction 

The basic theories and methods applied in FOPTS research will be presented in this 

chapter. A FOPTS consists of TLP, the conductor wire, and the mooring system. The 

manoeuvring model of TLP (including the mooring system) will be introduced in 

Section 2.2, which is based on the classic sea-keeping theories of marine structures. 

Section 2.3 uses the lumped-parameter method to model the conductor wire. The 

external loads from the wind-wave environment will be expressed in Section 2.4 and 

Section 2.5. In section 2.6, the numerical background used to model the FOPTS is 

declared, and the overview of the numerical model is introduced by a diagram figure.  

2.2  Modeling of TLP  

2.2.1 Hydrodynamics governing equation  

Regarding the floating TLP tower as an oscillating system, the governing equation is 

based on Newton’s Second Law and can be expressed as [51-52]: 

 

∑{[𝑀𝑖𝑗 + 𝐴𝑖𝑗(∞)]𝜉̈ + ∫𝐾𝑖𝑗(𝑡 − 𝜏)𝜉̇(τ)d𝜏

𝑡

0

}

6

𝑗=1

= 𝐹𝑒𝑥𝑐 + 𝐹𝑟𝑒𝑠 + 𝐹𝑚𝑜𝑜𝑟𝑖𝑛𝑔 + 𝐹𝑤𝑖𝑛𝑑 

(2-1) 

where 𝜉̇ is the velocity vector expressed in the body-fixed coordinate frame according to 

Cummins Equation. The position vector 𝜂 expressed in the inertial reference frame can 

be converted from 𝜉 by the equation below: 
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 𝜂 = 𝐽(𝜑, 𝜃, 𝜓)𝜉 (2-2) 

𝐽 is the frame transformation matrix, (𝜑, 𝜃, 𝜓)is the rotate direction. 

𝑀𝑖𝑗 ,𝐶𝑖𝑗 are the mass matrix and the restoring matrix of the floating body, respectively: 

𝑀 =

[
 
 
 
 
 
𝑚 0 0 0 0 0
0 𝑚 0 0 0 0
0 0 𝑚 0 0 0
0 0 0 𝐽𝜑 0 0

0 0 0 0 𝐽𝜃 0
0 0 0 0 0 𝐽𝜓]

 
 
 
 
 

 

 𝑚 is the mass of the TLP. The moment of inertia 𝐽𝜑 , 𝐽𝜃, 𝐽𝜓 can be calculated by: 

 
𝐽𝜑 = 𝑚𝑟𝜑

2  

𝐽𝜃 = 𝑚𝑟𝜃
2  

𝐽𝜓 = 𝑚𝑟𝜓
2 

(2-3) 

𝑟𝜑 , 𝑟𝜃 , 𝑟𝜓 are the radius of gyrations for each DOF, respectively. 

 𝐾𝑖𝑗 is the retardation function that can be calculated through the cosine transformation 

of the damping coefficient 𝐵𝑖𝑗(𝜔). 

 
𝐾𝑖𝑗(𝑡) =

2

𝜋
∫ 𝐵𝑖𝑗

∞

0

(𝜔)𝑐𝑜𝑠𝜔𝑑𝜔 (2-4) 

𝐴𝑖𝑗(∞) is the inifitite-frequency limit of added mass 𝐴𝑖𝑗(𝜔): 

 
𝐴𝑖𝑗(∞) = 𝐴𝑖𝑗(𝜔) +

1

𝜔
∫ 𝐾𝑖𝑗(𝑡)𝑠𝑖𝑛𝜔𝑡𝑑𝑡

∞

0

 (2-5) 

The coefficients 𝐴𝑖𝑗(𝜔) and 𝐵𝑖𝑗(𝜔) can be obtained by potential flow programs, The 

coefficients 𝐴𝑖𝑗(𝜔)  and 𝐵𝑖𝑗(𝜔)  can be obtained by potential flow solvers, such as 

WAMIT® [53], HydroSTAR® [54] and HAMS [55-56], by integrating wave pressure 

over the wetted surface of the structure, obeying potential-flow theory. 
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Fig 2-1. A typical example of 𝐵(𝜔) [51] 
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As shown in Fig 2-1, the retardation function 𝐾(𝑡) would converge to zero after a 

special time spot, the potential damping can be isolated as: 

 

𝐹𝑃𝐷 = ∫𝐾(𝑡 − 𝜏)𝜉̇(τ)d𝜏

𝑡

−∞

= 𝐵(∞)𝜉̇(𝑡) +∫𝐾(𝑡 − 𝜏)𝜉̇(τ)d𝜏

𝑡

0

 (2-6) 

where 𝐵(∞) is the value of 𝐵(𝜔) when frequency converges to infinite. 

External force 𝐹𝑖 consists of the wave excitation load 𝐹𝑒𝑥𝑐, the restoring forces 𝐹𝑟𝑒𝑠, 

the mooring force 𝐹𝑚𝑜𝑜𝑟𝑖𝑛𝑔, and the aerodynamic loads 𝐹𝑤𝑖𝑛𝑑. The restoring force  𝐹𝑟𝑒𝑠 

is can be calculated according to the linear model: 

 

𝐹𝑟𝑒𝑠 = −𝜌𝑔

{
 
 

 
 

0
0

𝐴𝑤𝑝𝑧

∇𝐺𝑀𝑡
̅̅ ̅̅ ̅̅ 𝜑

∇𝐺𝑀𝑙
̅̅ ̅̅ ̅̅ 𝜃
0 }

 
 

 
 

 (2-7) 

where 𝐴𝑤𝑝  is the water-plane area, ∇𝐺𝑀𝑡
̅̅ ̅̅ ̅̅  and ∇𝐺𝑀𝑙

̅̅ ̅̅ ̅̅  are the metacentric height in 

transverse and longitudinal direction, respectively. [𝑧, 𝜑, 𝜃] is the offset of heave, pitch 

and yaw. 

The mooring force 𝐹𝑚𝑜𝑜𝑟𝑖𝑛𝑔 for TLP can be calculated by referring to Section 2.2.2, 

and the wave excitation loads consist of first-order term 𝐹𝑒𝑥𝑐
1  and second-order term 𝐹𝑒𝑥𝑐

2  

can be easily obtained by methods in Section 2.2.4. 
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Fig 2-2. A schematic view of  TLP tower 
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The viscous damping [51] of the TLP structure mainly contains potential damping 

and “vortex shedding” damping. As the potential damping can be expressed by 

retardation function K mentioned above, vortex shedding damping   is expressed as: 

 
 (𝜉̇) = −0.5𝜌𝐶𝐷𝐴|𝜉̇|𝜉̇ (2-8) 

A is the projected cross-sectional area. ρ is the water density.. 𝐶𝐷 is drag coefficient 

determined by Reynolds number 𝑅𝑛, which can be determined by: 

 

𝑅𝑛 =
𝜉̇𝐷

𝜐
 (2-9) 

where D is the characteristic length of the calculated part. 𝜐 is the kinematic coefficient 

and is usually considered as 1.56 × 106 under a salt water condition. Thus, the damping 

force and torque can also be calculated approximately by surface integration.  

2.2.2 Mooring force 

The mooring lines of TLP are always tensioned, and the pretension of tendons can be 

calculated by: 

 

𝑇0 =
(𝑚𝑑 −𝑚)𝑔

3
 (2-10) 

where 𝑚𝑑 is the displacement of the TLP. 

Considering linear elastic mooring line with a strength limit, the hybrid linear 

elastic spring model can be expressed as: 

 

𝐹𝑚 = {
           0                 (𝑙𝑚 ≤ 𝑑𝑚)

  𝑘(𝑙𝑚 − 𝑙0)       (𝑙𝑚 ≥ 𝑑𝑚)
 (2-11) 

where 𝑘  is the spring coefficient of tendons, which is always considered a constant 
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when the mooring line is elastic.  𝑙𝑚 and 𝑙0 are the exact length and the nominal length 

of the tendon, respectively.  

According to the research by Low [57], when the tendon is tensioned (the mooring 

system is in operation), for the calculation in numerical simulations, the equivalent 

stuffiness matrix for a mooring system of hybrid can be written as: 

 

𝐾 =

[
 
 
 
 
 
 
𝐾11

𝐾22
𝐾31 𝐾32 𝐾33 𝐾34 𝐾35 𝐾36

𝐾42
𝐾51

𝐾44
𝐾55

𝐾66 ]
 
 
 
 
 
 

 (2-12) 

 

Elements in matrix (2-12) can be determined by follows: 

(1) Panning stiffness 𝐾11 , 𝐾22, 𝐾33 : 

 
𝐾𝑛𝑛 =

𝑇0 + Δ𝑇𝑛

√𝑙0
2 + Δ𝑛

2

 

Δ𝑇𝑛 = 𝑘(√𝑙0
2 + Δ𝑛

2
− 𝑙0

2) 

(2-13) 

where n=1,2,3 is the surge, sway and heave DOF (𝑥, 𝑦, 𝑧) of TLP.  Δ𝑛 is the offset of 

each DOF: 

 Δ1 = 𝑥; Δ2 = 𝑦; Δ3 = 𝑧 (2-14) 

 

(2) Rotating stiffness 𝐾44, 𝐾55, 𝐾66 : 
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 𝐾44 = 𝑘𝑅𝜑
2 𝑐𝑜𝑠𝜑 + 𝑇0

𝑠𝑖𝑛𝜑

𝜑
ℎ̅  

𝐾55 = 𝑘𝑅𝜃
2𝑐𝑜𝑠𝜑 + 𝑇0

𝑠𝑖𝑛𝜃

𝜃
ℎ̅  

𝐾66 = (𝑇0 + Δ𝑇6)
𝑅𝜓
2

√𝑙0
2+𝑅𝜓

2𝜓2
  

Δ𝑇6 = √𝑙0
2 + 𝑅𝜓

2𝜓2 − 𝑙0 

(2-15) 

where 𝑅𝜑, 𝑅𝜃, 𝑅𝜓 are the distances from mooring point to rotate axis.  ℎ̅ is the vertical 

distance from mooring points to the rotate center.  

(3) Coupled elements: 

For the axis-symmetric mooring type, the coupled elements 𝐾34 and 𝐾35 could be 

adapted as zero. The remainder of coupled elements should satisfy: 

 
𝐾31 =

𝑇0
𝑥
(

𝑙0

√𝑙0
2 + 𝑥2

− 1) +
Δ𝑇1
𝑥

𝑙0

√𝑙0
2 + 𝑥2

 

𝐾32 =
𝑇0
𝑥
(

𝑙0

√𝑙0
2 + 𝑦2

− 1) +
Δ𝑇2
𝑥

𝑙0

√𝑙0
2 + 𝑦2

 

𝐾36 =
𝑇0
𝑥

(

 
𝑙0

√𝑙0
2 + 𝑅𝜓

2𝜓2

− 1

)

 +
Δ𝑇6
𝑥

𝑙0

√𝑙0
2 + 𝑅𝜓

2𝜓2

 

𝐾42 = ℎ̅𝐾22 

𝐾51 = ℎ̅𝐾11 

(2-16) 

Thus the mooring force could be written as: 

 
𝐹𝑚𝑜𝑜𝑟𝑖𝑛𝑔 = 𝐾𝜉 (2-17) 
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The systemic damping of TLP is considered to be produced by mooring system, the 

damping force can be written as: 

 
𝐹𝐷 = 𝐶𝜉̇ (2-18) 

where 𝐶 is the damping matrix which can be expressed as a diagonal matrix and can be 

calculated by  

 
𝐶𝑛𝑛 = 2𝜁√𝑘𝑖

′𝑚𝑖  (2-19) 

𝐶𝑛𝑛 (n=1,2…6) is the element of matrix 𝐶. 𝑘𝑖
′ is the eigen stiffness in each DOF and 𝜁 is 

the structural damping ratio of TLP. 

2.3 Conductor wire model 

Assuming the conductor wire as an ideal elastic body, the lumped-parameter method 

[58-59], which approximates a flexible body as a collection of several discrete flexible 

units, is applied for modeling the conductor, as shown in Fig 2-3. 

 

Fig 2-3. Conductor wire unit modelled by lumped parameter method 

One flexible unit comprises two mass elements coupled with elastic joints, and the 

elastic properties can be possessed by the internal springs of transition, bending and 

rotation. The spring coefficients of the joints are assigned by Hooke’s Law [68]: 

 

Lump

m 

Lump

m 
... ...

Spring-damper

k-c
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𝐾 𝑥𝑖 𝑙 =

𝐸𝐴

𝑑𝑙
 

𝐾𝑏𝑒𝑛𝑑 =
𝐸𝐼

𝑑𝑙
 

𝐾𝑟𝑜𝑡 𝑡𝑒 =
𝐺𝐽

𝑑𝑙
 

(2-20) 

where E, G, I, J, and A are the Young’s modulus, shear modulus, second moment of 

sectional area, torsional constant, and sectional area of the conductor, respectively. 𝑑𝑙 is 

the length of the flexible unit. 

For the connection between adjacent tower, the connect points of conductor wire 

can be convert by coordinate transform matrix: 

 
[
𝑥
𝑦
𝑧
]= [

𝑥0
𝑦0
𝑧0
] + 𝑇 [

𝑥𝑝
𝑦𝑝
𝑧𝑝
] (2-21) 

[𝑥0, 𝑦0, 𝑧0] is the earth coordinate of TLP,  [𝑥𝑝, 𝑦𝑝, 𝑧𝑝] is the coordinate of connect point 

to TLP local system. 𝑇 is the frame transform matrix and can be written as: 

 

𝑇

= [

𝑐𝑜𝑠𝜓 𝑐𝑜𝑠 𝜃 −𝑠𝑖𝑛 𝜓 𝑐𝑜𝑠 𝜑 + 𝑐𝑜𝑠 𝜓 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜑 𝑠𝑖𝑛 𝜓 𝑠𝑖𝑛 𝜑 + 𝑐𝑜𝑠𝜓 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜃
𝑠𝑖𝑛 𝜓 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜑 + 𝑠𝑖𝑛 𝜑 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜓 −𝑐𝑜𝑠 𝜓 𝑠𝑖𝑛 𝜑 + 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝜓 𝑐𝑜𝑠 𝜑
−𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝜑

] 

(2-22) 

 

2.4 Hydrodynamic load model 

Since reducing computational loads is the first need in practical works, the boundary 

integral equation method (BIEM) based on the potential flow theory should still be the 
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first choice to evaluate the overall performance of large marine structures, compared to 

the computational fluid dynamics (CFD) methods based on the N-S equations. The 

wave load, which consists of 1st wave excitation force, the wave drift load and the sum 

frequency load, are calculated by diffraction theory [51-52,60-62]. The 1st wave 

excitation force with respect to the wave frequencies can be calculated by: 

 𝐹𝑒𝑥𝑐
1 = ℝ[∑𝜍𝑗Γ(𝜔𝑗, 𝛽)𝑒

𝑖(𝜔𝑗𝑡+Φ𝑗+𝜖𝑗)

𝑁

𝑗=1

] (2-23) 

Γ(ω) and ∠Γ(ω) are the amplitude and phase of the force RAOs according to frequency 

component, respectively. Δ𝜔  is the constant difference between the successive 

frequencies in the wave spectrum 𝑠(𝜔). To simulate the irregular wave environments, a 

random phase 𝜀𝜔 is generated by a random function. 

The wave drift load and sum frequency load are second-order wave loads that act 

on objects subject to irregular waves, and the values can be expressed by: 

 

𝐹𝑒𝑥𝑐
2 = ℝ[∑∑𝜍𝑘

𝑁

𝑗=1

𝑁

𝑘=1

𝜍𝑗𝐷(𝜔𝑘, 𝜔𝑗 , 𝛽)𝑒
𝑖[(𝜔𝑘−𝜔𝑗)𝑡+Φ𝑘−Φ𝑗]

+∑∑𝜍𝑘

𝑁

𝑗=1

𝑁

𝑘=1

𝜍𝑗𝑆(𝜔𝑘, 𝜔𝑗, 𝛽)𝑒
𝑖[(𝜔𝑘+𝜔𝑗)𝑡+Φ𝑘+Φ𝑗]] 

(2-24) 

Where Γ,Φ are the amplitude and phase of the first-order force RAOs, respectively. 𝛽 is 

the wave direction.  𝜖  is the random phase angle. D and S are the difference- and sum-

frequency quadratic transfer functions (QTFs). Wave amplitude 𝜍𝑗 can be calculated by: 

 𝜍𝑗 = √2𝑠(𝜔𝑗)Δ𝜔 (2-25) 

𝑠(𝜔𝑗)  is the wave spectrum. Δ𝜔  is the constant difference between the successive 
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frequencies. 

In addition, the present study uses Modified Pierson–Moskowitz Spectrum (MPM) 

to simulate the wave loads. Modified Pierson–Moskowitz Spectrum was developed by 

Pierson and Moskowitz (1963) and improved by International Towing Tank 

Conferences (ITTC) in 1978, which is used for an open sea environment. 

The expression of MPM can be written as: 

 𝑠(𝜔) = 𝐶𝜔−5exp (−D𝜔−4) (2-26) 

where parameters C and D can be calculated by  

 
𝐶 =

5𝜋3𝜔𝑀
4 𝐻𝑠

2

16
   𝐷 =

5𝜔𝑀
4

4
 (2-27) 

where 𝐻𝑠  and 𝜔𝑀  represent the significant wave height and modal wave frequency 

which can be summarized from observation records, respectively. 

 

Fig 2-4. Wave simulation based on of P-M spectrum [62] 
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2.5 Aerodynamic load model 

The aerodynamic load would significantly affect the tension and motion of conductor 

wires. Assuming the wind flows along a constant direction, The aerodynamic loads on 

each flexible unit are calculated by: 

 
𝐹𝑋 = 0.5𝜌𝐷𝐶𝑋𝑈

2𝑑𝑙 

𝐹𝑌 = 0.5𝜌𝐷𝐶𝑌𝑈
2𝑑𝑙 

(2-28) 

 where 𝐹𝑋 and 𝐹𝑌 denote the in-line and cross-flow hydrodynamic forces acting on the 

flexible unit, respectively. 𝜌 is the air density, D is the diameter of the conductor unit 

(assumed as a cylinder), 𝑈 is the undisturbed flow velocity. 𝐶𝑋 and 𝐶𝑌 are in-line and 

cross-flow vortex force coefficients, respectively. 

 

Fig 2-5. Diagram of aerodynamic load on conductor unit 

To study the wind-induced conductor motion under the tower-wire interaction, we 

employ the wake oscillation model [63-64] in coupled expression in this study. 

x

y
Wind

  

  

Cross section 

of conductor
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According to the theory, the wake oscillator 𝑞 is introduced to describe the vortex in 

aerodynamics, and coefficients 𝐶𝑋 and 𝐶𝑌 can be expressed as: 

 

 

𝐶𝑋 = −𝐶𝑉𝐿
𝑣

𝑈2
𝑦̇ + 𝐶𝑀

𝑣

𝑈2
𝑣𝑥 − 𝛼𝐶𝑉𝐿

2 (1 −
𝑥̇

𝑈
) |1 −

𝑥̇

𝑈
| 

𝐶𝑌 = 𝐶𝑉𝐿
𝑣

𝑈2
(𝑢 − 𝑥̇) − 𝐶𝑀

𝑣

𝑈2
𝑦̇ 

𝑑2𝑞

𝑑𝑡2
+ 𝜖𝜔𝑠(𝑞

2 − 1)
𝑑𝑞

𝑑𝑡
+ (𝜔𝑠

2 −
𝜅

𝐷
𝑥̇)𝑞 =

𝐴

𝐷
𝑦̇ 

(2-29) 

where 𝐶𝑀 is the mean drag force coefficient and set as 1.2 in the simulations. 𝜖 and 𝜅 

are the tuning parameters determined by the wire cross-sectional shape. 𝜔𝑠  is the 

Strouhal frequency. 𝐶𝑉𝐿 is the instantaneous lift force coefficient which is associated to 

the wake oscillator 𝑞 and can be calculated by: 

 𝐶𝑉𝐿 = 0.5𝑞𝐶𝐿0 (2-30) 

where 𝐶𝐿0 is the mean lift force coefficient, and the value is set as 0.3 in the study. 

2.6 Numerical setup 

Definitely, FOPTS is a complex multi-body coupled structure with six Dofs, mainly 

subject to the environment loads of wind, waves, and currents. Modelling of FOPTS can 

be handled by Simscape Multibody® [65], a multi-body simulation environment for 3D 

mechanical systems widely used in simulations for robots [66], vehicle suspensions [67], 

construction equipment and aircraft landing gear. Taking advantage of the systematic 

tool, all the mathematical methods mentioned above can be modelled directly by 
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functional blocks, finally assembling the FOPTS. The structural diagram of the 

numerical model is given in Fig 2-6. 

 

Fig 2-6. Diagram of numerical model 

Modules used in the numerical tool are listed as follows [68-69]: 

Table 2-1. Modules used in modelling 

(1) 

 

Solid block 

Represents a solid element with geometry, inertia, 

color, and reference frame, which could be modified 

voluntarily. 

(2) 
 

Coordinate 

transform 

Applies a time-invariant transformation between two 

frames. To connect TLPs, seabed and other parts in 

FOPTS. 

(3) 
 

Gimbal joint Joint with rotational or translational freedoms. Serve 

as the connections in the lumped-mass model of 

overhead conductors. 
 

Prismatic  

joint 

M
o
o
rin

g
 fo

rce

T
L

P
 m

o
tio

n

TLP

Conductor 
To other 

TLP
To other 

condctor

C
o
n
d

u
cto

r m
o
tio

n

A
ero

d
y
n
am

ic lo
ad

W
av

e 

lo
ad Weight

set

Wave load calculator

Anchor

𝑠 𝜔 SWH 𝜃𝑤  𝑒

𝜃𝑤𝑖𝑛𝑑

Aerodynamic load calculator

𝑈 𝑈 𝑡

𝜔𝑀

Mooring/ restoring 

Force calculator

𝐻𝑠

Pulley

Gimbal jointGimbal joint

𝑇𝐼
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(4) 

 
Pulley 

A grooved or toothed wheel wrapped in a cord.  

Serve as the intermediate mechanism in FOPTS.  
Belt cable 

 

Cable 

properties 

(5) 

 

MATLAB 

function 

User-defined functions. Serve as hydro loads, aero 

loads, mooring forces, and restoring forces.  

MATLAB 

system 

 

Signal 

generator 

(6) 
 

Discrete 

integrator 

Create discrete integrate model, used in calculations 

for the wake oscillation model 

(7) 

 

Transform 

sensor 

Measures the relative spatial relationship between 

two arbitrary frames. Output the velocity, 

acceleration and position. 

(8) 
 

External force 

and torque 
Blocks that apply general force and torque on rigid 

body frames.  Serve as the forces calculated by (4) in 

Simcape-multibody system. 
 

Internal force 

and torque 

(9) 
 

World frame 
The global reference frame in Simcape-multibody 

system. Serve as the coordinate of the seabed. 

(10) 
 

Rigid 

transform 

Applies a time-invariant transformation between two 

frames. Transfrom the base frame by translations and 

rotations. 

(11) 
 

Bushing joint 

Joint with three translational and three rotational 

degrees of freedom. Represents the equivalent 

stiffness of mooring line. 
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(12) 
 

Mechanism 

Configuration 

Provides mechanical and simulation parameters to a 

mechanism. Parameters include gravity and a 

linearization delta for computing numerical partial 

derivatives during linearization. 
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CHAPTER III 

Water tank test for tower-wire model 

3.1 Introduction 

Water tank experiments [48, 70-71] for triangle-type TLP were performed in 2019 at the 

Research Institute of Applied Mechanics (RIAM), Kyushu University. This 

experimental research is based on the previous research by Zhu and aims to study the 

dynamics of the TLP-wire system. The remainder of this chapter is organized as 

follows: Firstly, the design aspects of the TLP are introduced in Section 3.2. Then, the 

experimental setup is clarified in Section 3.3. In section 3.4, validations for the 

numerical model and experimental results will be presented, and the feasibility of the 

proposed system will also be discussed for further research. 

3.2 Design aspects of the floating tower 

Submerged TLPs are considered the supportive platforms for FOPTS because they have 

large water plane areas for self-stabilization during transportation and small water plane 

areas for reducing wave loads during operation. The platform is of triangular shape 

since it would save materials for both hull and tethers, and the foundation could be 

placed with larger tolerances compared to a four-legged TLP. The overview of a floating 

tower is shown in Fig 3-1. The anchor is a gravity anchor. However, a suction pile, a 

driven pile or any other anchoring means may also be used depending on seabed 

conditions. Synthetic fibre ropes are considered as the tendons since they are light and 

can retain strength even when wet. 
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Fig 3-1. A conceptual design of the floating tower:  (a) top view   (b) side view.[48] 

The platform is placed so that one of its lines of symmetry is parallel with the 

transmission lines. Tubular steel towers are applied to support the transmission lines 

since they are proved to be robust for FOWT. On the tower top, a sheave is applied as 

the intermediate mechanism between the tower and one end of the conductor. Another 

end of the conductor is rigidly connected to an adjacent tower. A weight set is applied to 

strain the conductor, and the mass of the weight set (so as the conductor tension) is 

considered to be adjustable in response to external aero loads. By this consideration, the 

sag of the conductor would be limited within a safe value even in harsh environments. 
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In a practical situation, a sheave is applicable for reducing the mass of the weight set, 

and one example is illustrated in Fig 3-1(b). 

Table 3-1 Properties of the TLP  tower 

Properties Value 

(effective) length of poontoon (𝑚) 19.00 

mass (𝑘𝑔) 2.34 × 105 

displacement (𝑚3) 680 

radii of Gyration (𝑅𝑥, 𝑅𝑦, 𝑅𝑧) (𝑚) (6.57, 6.57, 9.16) 

added mass coefficient of translational motion 

(𝜖𝑥, 𝜖𝑦, 𝜖𝑧) 
(0.56, 0.56, 2.16) 

radii of Gyration of added moment of inertia (𝑚) (9.30, 9.30, 7.02) 

3.3 Experimental Setup 

The TLP platform and the gravity anchor are designed as Δ shaped bodies with through-

hole form, as shown in Fig 3-2 and Fig 3-3.  

The frame of the TLP platform is produced by a 3D printer. The tower truss is 

made of aluminium bars with a diameter of 0.02m, and the buoyancy-forming portion of 

the pontoons is made of cylindrical polystyrene foam. To adjust the mass and reinforce 

the TLP platform, we set PVC pipes inside the buoyancy part. 

The anchor is made of 6 concrete blocks that are fixed by an aluminium frame, 

which serve as ballast tanks. To control the anchor’s buoyancy, tanks are equipped with 

pipes connected to an air pump, which can change the mass of water in the anchor and 

adjust the anchor’s weight. m. In addition, one set of three stainless wires with a 

diameter of 2 mm is applied as the tendons of the TLP. 
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(a) Floater  

 

(b) Tower 

Fig 3-2. TLP model for tank experiment 
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(a) Under assembling 

 

(b) Completed 

Fig 3-3. Gravity anchor model for tank experiment  

A minimum system consisting of a floating tower and two fixed towers standing in 

line with the floating tower is considered, and the properties of the system are shown in 

Table 3-2. Copper wire with a diameter of 0.9 mm is applied to represent the power 

wires. The tension of the wire can be adjusted by the weights beside the fixed towers. 

The model experiments were carried out in a water tank with a length 65 m, width 5 m 

and depth of 7 m at the Research Institute for Applied Mechanics (RIAM) of Kyushu 

University. 

  



                       CHAPTER III : WATER TANK TEST FOR TOWER-WIRE MODEL 

- 44 - 

 

 

 

Fig 3-4. Overview of the experimental setup 

 

Fig 3-5. Photograph of the experimental setup 
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Table 3-2. Properties of the model 

Property Platform (with tower) Anchor 

Displacement (𝑚3) 0.20 0.35 

Mass (𝑘𝑔) 22.4 647 

Gyration radii (𝑚) [0.9,0.9,0.6] [0.5,0.5,0.6] 

Side length (𝑚) 1.65 1.2 

Diameter/height (𝑚) 0.27 0.40 

Mooring distance (𝑚) 1.50 1.50 

Weight (kg)  0.8/1.0/1.2/1.4 

 

Table 3-3. Wave conditions for the experiment 

Case Wave Period Wave Height 

1 0.9s 2cm 

2 1.1s 3cm 

3 1.3s 4cm 

4 1.5s 5cm 

5 1.7s 6cm 

6 1.9s 7cm 

The wave conditions used in the experiment are shown in Table 3-3. They are all in 

the suitability range of linear wave theory and corresponds to the practical situations in 

an offshore environment. 

3.4 Result and discussion 

3.4.1 Free decay test of the TLP  tower 

The free decay response of the floating tower without and with tower-wire connection is 

first studied. In the cases of tower-wire connection, the tension of wire is adjusted by 
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changing the mass of the weight as 𝑚=0.8 kg, 1.0 kg, 1.2 kg, and 1.4 kg. In the 

experiments, the initial motion state of the platform in surge, sway and yaw degree-of-

freedoms (DOFs) is set away from their equilibrium position by external forces. The 

forces are then removed to let the model decay freely. The results in surge DOF are 

shown in Fig 3-6, while the results in sway and yaw DOFs are ignored since their 

response are very similar to each other.  

When the wire is fixed to a rigid port with a pretension of 1.0kgf (about 4% of TLP 

tower), the free decay curve shows a noticeable difference from others. The natural 

period of the platform can be investigated by studying the time-series free-decay signals, 

and the comparison is shown in Table 3-4. It is observed that the natural frequency is 

little affected by the wire when the pulley is applied. In addition, from the free-decay 

rate shown in Fig 3-6, it can also be obtained that the fixed tower-wire connection can 

change the damping factor of the platform. 

The logarithmic decrement from the TLP motion, which is defined as the natural 

log of the ratio of the amplitudes of any two successive peaks, can be calculated by: 

 Λ =
1

𝑛
ln

𝑋(𝑡)

𝑋[𝑡 + 𝑛𝑇]
 (3-1) 

where 𝑋(𝑇) is the overshoot of one peak at time 𝑡, 𝑋[𝑡 + 𝑁𝑇] is the overshoot of the 

peak 𝑛 period away.  

The damping ratio of the TLP system is then found from the logarithmic decrement 

by: 

 𝜁 =
1

√1 + (
2𝜋
Λ )

2
 

(3-2) 

For systems where 𝜁 < 0.2, the damping ratio can approximate as: 
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𝜁 ≈

Λ

2𝜋
 (3-3) 

 

 

 

Fig 3-6. Comparison of the surge motion of the free decay test. 

 

 

 

Table 3-4.  Natural periods of surge for the TLP tower  

Case Period [s] 

Without wire connection 3.95s 

Pully m=0.8kg 3.92 s 

Pully m=0.8kg 3.90 s 

Pully m=0.8kg 3.89 s 

Pully m=0.8kg 3.87s 

 Wire connected to rigid 2.5s 
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Fig 3-7. Comparison between experiment and simulation of free decay test 

Validation of the experiment result and simulation is shown in Fig 3-7. It can be 

found that the numerical model modelled by formula (2-19) can more accurately reflect 

the attenuation of TLP in waters. The motion amplitude error may mainly come from 

viscous damping and water memory damping (calculated according to Section 2.5). 

3.4.2 TLP tower motion 

The tower motion is captured by another camera set beside the water tank. Same as the 

free decay test, the weight tied to the copper wire is adjusted to make contrasts. he TLP 

response to regular wave is shown in Fig 3-8. 

The TLP motion is found to have a sudden rise when the wave period is close to 

1.5s while the copper wire is connected to a rigid point. However, while the wire is tied 

to the weight, the TLP motions are almost the same as the change of the wight and 

increase with the decline of wave frequency. 

  



                       CHAPTER III : WATER TANK TEST FOR TOWER-WIRE MODEL 

- 49 - 

 

 

 

Fig 3-8. Comparison of the tower motion (RAO) in regular waves 

3.4.3 Wire motion  

To capture the wire motion, a small ball made of polystyrene foam (shown in Fig 3-9) is 

placed at the centre of copper wire, and a camera is applied to track the motion of the 

ball. The wire motion during different connections is shown in Fig 3-10. 

 

Fig 3-9. Motion tracking system using a polystyrene ball  
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Fig 3-10. Comparison of the conductor motion (RAO) in regular waves 

 

 

 

Fig 3-11. Comparison of conductor motion with different pretension 

Similar to the motion of the TLP tower, it can be observed that as the wave 
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frequencies become small, the wire motion increases when the wave frequencies 

become small, except in case 4 under the condition that the wire is fixed on the tower. In 

this case, the wave frequency is close to the first symmetric in-plane vibration mode of 

the wire; therefore, the wire motion is significant. As the wire is fixed on the tower, the 

tower motion also becomes large owing to the inter-influence between the tower and the 

wire. In contrast, as the tower's natural frequencies are insensitive to the wire 

connection when the pulley is applied, the tower motion is smaller than the cases in that 

the wire is fixed on the tower. 

When the wire is connected to the pulley, the wire motion declines by increasing 

the weight mass, indicating the effect of weight on the wire. 

To verify the reliability of the numerical model in for interaction of TLP and tower, 

the experimental result of wire motion in regular wave conditions is applied to the 

present model and then made a comparison with the simulation. It is worth noticing that 

the value in the y-label is the ratio of wire sag D to regular wave height H. Good 

agreements can be obtained on wire motion, as shown in Fig 3-11. The present 

numerical model is validated in the simulation of the wire-tower interaction. 
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3.5 Conclusion 

The water tank experiment preliminary explores the wire-tower interaction and then 

validates the hydrodynamics modules with a good agreement. The major findings are as 

follows: 

(a) In the tower-wire connection system, the wire and tower can affect each other. 

Especially when the pretension of fixed wire is unneglectable to the TLP weight, the 

dynamics of TLP would be entirely changed. 

(b) The pretension of the overhead wire would determine the wire’s natural frequency 

and coupled motion under the tower-wire connection.  

(c) A method using a pulley to mount the wire on the tower was studied, and it was 

observed that the method could reduce the coupling effects on TLP from the wire, 

which indicates the possibility for the separated design of TLP and conductor in the 

FOPTS study. 

(d) The validation for the dynamics of wire and tower proves the reliability of the 

numerical model. 
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CHAPTER IV 

Improvement of the TLP  tower design  

4.1 Introduction 

A previous study by Zhu [50] presents a triangle TLP to support the overhead conductor. 

However, the triangle TLP shows an over 20-degree variation in yaw under the wind-

wave misalignment condition, as shown in Fig 4-1. In significant yaw motion, a large 

deflection angle at the sheave would be caused, and the wire applied for straining the 

conductor might be wound during the operation. 

 

Fig 4-1. Statistical characteristics of the original triangle TLP obtained by Zhu[50] 

The present work aims to deepen the previous research by Zhu and Hu [50] to meet 

the demand for conductor safety. For this purpose, the FOPTS is re-designed. One of the 

critical points to be considered in the design is the TLP behaviour, characterized by the 

response amplitude operator (RAO). To avoid the weakness of a triangular platform in 
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suppressing the yaw displacement, a submerged TLP is adopted as the electric post 

referred to in the research by Zhao [39] and NREL [73]. The overview is shown in Fig 

4-2. The floating foundation consists of four central columns to supply the buoyancy 

and steel beams to improve the structural stiffness. Fixed iron-ore-concrete ballasts, 

divided equally and placed at the base of the four central columns, are used to adjust the 

platform weight and the tendon pretension. A tubular steel tower involving a sheave-

weight system is atop the central column and reserved to support the conductors.  

The conductor wire 𝐴𝐶𝑆𝑅410𝑚𝑚2 is applied as the power conductor, whose rated 

tensile strength (RTS) of ACSR is 136KN for a Drake26/7 type. The everyday strength 

(EDS) [74], representing the tension of the conductor wire when the system is stationary, 

is set as 25% of the rated tensile strength (RTS) [74]. The 1st natural frequency 

(equivalent to the 1st out-of-plane frequency) can thus be calculated as 1.4 rad/s [75]. 

Fibre ropes, such as Dyneema ropes, are used for the mooring lines to satisfy the 

resistance requirement for saltwater and stable strength under bending. In this study, the 

conductor and the mooring line are considered linear elastic, and the elongation at 10% 

of the break strength (EBS) is regarded as the strength of the mooring line for proper 

operation. 

A sheave is applied on the tower top as the tower-wire intermediate mechanism, as 

shown in Fig 4-2(a). The weight set strains the conductor wires that are restricted 

vertically and can move along the slideway. When the system is in operation, the mass 

of the weight set is calibrated by the motion of TLPs, so that conductor wire tension can 

be adjustable in responding to the wind and wave conditions.  
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Fig 4-2. An improved design of FOPTS: (a) side view; (b) top view. 
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Fig 4-3. Surface mesh of the immersed part of the floating foundation for numerical 

simulation 
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4.2 An initial design of the TLP tower  

TLP’s parametric design is based on a frequency domain analysis [76-78]. 

In order to avoid resonance, we improved the design by using frequency domain 

analysis in practical working conditions. The natural frequency of the platform in heave, 

roll, and pitch should be designed in a high-frequency region, while the natural 

frequencies of the floating tower in the surge, sway, and yaw should be designed in a 

low-frequency level. The natural frequencies of TLP should satisfy: 

 (𝜔𝑥, 𝜔𝑦, 𝜔𝜓) ≤ 𝜔𝐿

(𝜔𝑧, 𝜔𝜑 , 𝜔𝜃) ≥ 𝜔𝐻
 (4-1) 

where 𝑥, 𝑦, 𝜓 represent the motion in surge, sway and yaw, 𝑧, 𝜑, 𝜃 represent the motion 

in heave, roll and pitch, respectively. [𝜔𝐿 , 𝜔𝐻] is the expected range of environmental 

wave frequencies. 

Design parameters of the TLP are determined by frequency analysis under extreme 

environmental conditions. Since the effect of the wire on the TLP tower is relatively 

small, the pretension of the wire 𝑇0 should be satisfied as below according to the TLP 

properties: 

 
 0 =

𝜋√𝑇0 𝑚𝑒⁄

𝑆𝑒
≥ 𝜔𝐻 (4-2) 

The frequency domain in the design is shown in Fig 4-4.  
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Fig 4-4. Frequency range considered in the design 

 

 

 

Fig 4-5. Motion RAOs of the floating tower in regular waves 
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Fig 4-6. Hydrodynamic response under a harsh irregular wave condition: 

SWH=14 𝑚; modal wave period (spectral peak period)=16 𝑠 

The RAOs in regular waves, essential indicators of the hydrodynamic performance 

of a floating platform, are presented in Fig 4-5. It is found that the yaw RAO of the TLP 

is always under 1°/𝑚, suggesting a minor impact on the overhead conductor. Fig 4-6 

shows the motion responses of the TLP in a severe wave condition. The maximum surge 

response falls below 15 m in correspondence to the irregular waves with a 14 m 

significant wave height (SWH), much smaller in contrast to the span of the conductor 

wires. The maximum yaw response is also within the design limit (5°) of a general 

floating wind turbine, being approximately 1.5°. These results prove that the designed 

TLP foundation performs satisfactorily in both regular and irregular wave conditions.  

4.3 Sheave system for overhead conductor 

A sheave is applied on the tower top as the tower-wire intermediate mechanism, as 

shown in Fig 4-7. The weight set is used to strain the conductor wires, and they are 
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restricted vertically and can move along the slideway. When the system is operating, the 

weight set's mass is considered to be adjustable by the motion of TLPs, so that the 

tension of the conductor wire can be modified in responding to the wind-wave condition. 

 
Fig 4-7. Sheave mechanism for conductor wires 

Control laws for the weight 𝑇 in the sheave mechanism are shown in Fig 4-8. The 

weight can be changed according to the offset 𝐻, which is caused by the interaction of 

the tower and wire. To make a contrast, control laws employed in the numerical study 

are set with the same limits [𝑇𝑚𝑖𝑛, 𝑇𝑚 𝑥].   

The weight [𝑇𝑚𝑖𝑛, 𝑇𝑚 𝑥] could be calculated by: 

 

𝑇𝑚 𝑥 = 𝑇0 (1 + 𝛼𝐸√
𝑚𝐸

𝑚𝑒

𝑅𝑀𝐻𝑀𝜔𝑀
2

𝑔
) < 2𝑇0 

𝑇𝑚𝑖𝑛 = 𝑇0(1 − 𝛼𝐸√
𝑚𝐸

𝑚𝑒

𝑅𝑀𝐻𝑀𝜔𝑀
2

𝑔
) > 0 

𝑇𝑚 𝑥

𝑔
(𝑔 + 𝑅𝑀𝐻𝑀𝜔𝑀

2 ) ≤
𝑇𝐸
𝛼𝐸

 

(4-3) 

where 𝑚0 is the initial mass of weights when FOPTS remains stationary (at the stress of 
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EDS). 𝜔𝑀𝐸 and 𝐻𝑀𝐸 is the modal wave frequency and the significant wave height of 

extreme conditions considered in the parametric design. 𝛼𝐸 and 𝛽 are safety factors. 𝑅𝑠 

is TLP's response amplitude operator (RAO) in surge-DOF, which can be obtained by: 

 
𝑅𝑀 =

|𝛤(𝜔𝑀𝐸)|

√(−𝜔𝑀𝐸
2 𝑚+ 𝑘)2 + [𝜔𝑀𝐵(𝜔𝑀𝐸)]2

 (4-4) 

In the equation, 𝛤(𝜔𝑀𝐸) is the amplitude of wave load RAOs, 𝐵(𝜔𝑀𝐸) is the added 

hydro damping respected to the retardation function K mentioned in Section 3.1. 

 

Fig 4-8. Fit curve of control laws in simulations [79], where weight mass 𝑇 is mapped 

to its offset 𝐻 (𝐻 = 0: position when the system is stationary, the reference state 

corresponds to 𝐻 = 𝑅𝑠𝐻𝑠𝜔𝑠
2) 

4.4 A design of FOPTS  

The general properties of FOPTS are given in Table 4-1. 
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Table 4-1. FOPTS properties 

Properties Value 

TLP 

Mass of TLP (tower + platform) 212 t 

Ballast mass (fluid) 161 t 

Displacement 620 m3 

Center of gravity (COG) [0,0,-16.5] m 

Inertia radius [7.06,7.06,9.36] m 

Side-length 20.8 m 

Tower height 50 m 

Air draft 35 m 

Natural frequencies for 6 DoFs 
 [0.18,0.18,3.50,4.10,4.10,0.24] 

rad/s 

Water depth 120 m 

Mooring line 

Initial strain / Elongation at 10% Break strength 

(EBS) 

0.2/0.55 (%) 

(Fiber rope) 

Overhead conductors 

Conductor type 
ACSR 240/410/610 mm2 

(Drake 26/7 type) 

Rated tensile strength (RTS) 136 KN 

Everyday strength(EDS) 25% RTS 

Span 300 m 

Stationary sag 4.9 m 

1st natural frequency(stational) 1.4 rad/s 
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CHAPTER V 

Wind tunnel experiment for FOPTS model 

5.1 Introduction 

A wind-tunnel experiment for comparison was performed at RIAM, Kyushu University. 

This experiment focuses on the conductor wire and mainly aims to validate the situation 

of the conductor wire under wind-wave conditions.  

The TLP model (including the tower and the platform) is connected to a rigid port 

using springs to represent the mooring force. A motor is employed to simulate the 

wave-induced motion of TLP. With the aid of control circuits, the TLP is driven by 

simulative forces in sine waveforms to move harmonically around its balanced position. 

The driving force direction can be altered while the wind direction is kept constantly at 

90°, thus creating conditions of wind-wave misalignment.  

Hanging acrylic hollow pipes are used to represent the conductor wires in FOPTS. 

The pipe is hung by a nylon line, one end of which slides across the pulley. A micro 

load cell is attached to the nylon line to capture the line tension [80]. The tension 

increment exerted on the load cell will extend the strain gauges inside and can be 

measured as a voltage. Since the mass of the micro load cell is much smaller than the 

weight or pipe (less than 5𝑔), its impact on the system can be neglected. 

Video cameras are used to track the pipe's motion to validate the aerodynamic 

model. The properties of the experimental setup are listed in Table 5-1. Note that the 

system damping is calculated from free decay test results and constantly employed in 

the numerical model. 
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Fig 5-1. Experimental setup: (a) schematic view; (b) photograph in the wind tunnel 
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5.2 Experimental setup  

In the experiment studies, the 1/35 scaled wind tunnel experiment aims to certify the 

conductor wire motion in hybrid wind-wave conditions. The TLP mass is set as 

( + 𝑨(∞)) to include the added mass in water. The spring that connects to the TLP is 

used to imitate the mooing equivalent stiffness in surge DoF. Since the entire model 

system is restricted to moving translationally, the rotation motions are negligible. 

The natural period of the first vibration mode of a stationary conductor model 

(acrylic hollow pipe) can be obtained by [75,81]: 

 

𝑇1𝑠𝑡 = 2𝜋√
𝑆𝐴
𝑔

 (5-1) 

where 𝑆𝐴 is the sag of an acrylic pipe, 𝑔 is the gravitational acceleration. The 1st out-of-

plane frequency of the acrylic pipe can be made in line with that of the prototype by 

adjusting its EDS. 

The natural frequency of acrylic pipe is normalized using Froude's similarity to 

study the interaction between the conductor and the tower. The tower motion and the 

wind speed applied in the experiment are based on the data of the real sea environment, 

as given in Table 5-2. 
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Table 5-1. Properties of the experimental setup 

 Prototype Exp model 

Mass of platform 

(added mass included) 
720 t 16.5kg 

Equivalent mooring 

stiffness 𝐾𝑠𝑢𝑟𝑔𝑒 
24600N/m 20N/m 

Span 300m 2m 

Operation wind speed 3-30m/s 1-10m/s 

𝜃𝑚𝑖𝑠  30°/90° 

1st natural frequency of 

conductor 
1.4 rad/s 8.5 rad/s 

Froude number (1/Fr) 1 1/35 

Systemic damping  3%(by test) 

 

 

Table 5-2. Experimental conditions (Froude similarity: 𝐴exp = 𝐴pro/𝐹𝑟, 𝑇exp =

𝑇pro/√𝐹𝑟) 

Case 
Motion amplitude of 

TLP model (Aexp) 

Wave period 

in EXP(Texp) 

Offshore 

situation 

1 9.5 cm 2.20 s Harsh 

2 6.0 cm 1.85 s Very rough 

3 4.5 cm 1.55 s Rough 

4 2.5 cm 1.26 s Rough 

5 2.0 cm 1.18 s Moderate 

6 1.0 cm 1.00 s Moderate 
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5.3 Comparison between numerical simulation and 

experiment 

The statistical characteristics of the wire tension obtained from the experiments and 

simulations are shown in Fig 5-4. Different levels of EDS are considered in validating 

the lumped-mass model.  

 

Fig 5-2. Conductor model with acrylic pipe for the wind tunnel experiment 

As shown in Fig 5-4(a) and 5-4(b), the deviations in most cases are less than 10%, 

indicating a good agreement. When the conductor reaches a double natural period (i.e., 

half the natural frequency), subharmonic resonance plays a dominant role in the 

conductor's motion. Especially in the case of low EDS, the conductor has a violent 

vibration under moderate environments, which is dangerous in engineering practices. In 

general, at an extended period, the wire motion is mainly driven by the tower motion, 

whereas at a short period, the wires are close to subharmonic resonances. When the 
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frequency of the excitation load exerted on the tower reaches half of the wire's natural 

frequency, subharmonic resonances will happen. 

Moreover, it is worth noting that Fig 5-4(c), which represents 170% EDS of the 

prototype, exhibits more significant deviations between the experiment data and the 

simulation results. The rapid variations of the nylon line damping in the presence of a 

larger EDS may cause this. In contrast, the numerical simulation employs a constant 

damping ratio in modelling. It is found that increasing EDS leads to a decrease in the 

impact of subharmonic resonances [82-83]. Under such a circumstance, the wire motion 

driven by the tower motion takes the dominant role. 

 

 

Fig 5-3. Signal recorder for the load cell 

We also validate the numerical model by comparing the motion of the conductor. 

This validation can indicate the accuracy of the aerodynamic model. Fig 5-5 depicts the 

motion of the conductor model in the experiment. Similar to the results in Fig 5-4, the 
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deviations are generally less than 15%, except at the subharmonic resonance region. For 

high wind speeds, the error of the wake oscillation model shows a significant effect on 

simulation, wherein the deviation can reach 20%. This is probably due to that in the 

wake oscillation model. A constant parameter may not be sufficiently accurate at a high 

wind speed. In Fig 5-5(d), the simulation exhibits a more significant difference when 

the wave period approaches the subharmonic resonance region owing to the linear 

elasticity of the nylon line.  
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Fig 5-4. Comparison of conductor tension under different EDS: (a) 𝑇1𝑠𝑡 = 0.7𝑠, 0.7 

EDS; (b) 𝑇1𝑠𝑡 = 0.65𝑠, 1.0 EDS; (c) 𝑇1𝑠𝑡 = 0.55𝑠, 1.7 EDS. 
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Fig 5-5. Comparison of conductor motion: (a) 𝑇 = 2.1𝑠, in-flow direction; (b) 𝑇 =

2.1𝑠, vertical direction; (c) by wave period, in-flow direction; (d) by wave period, 

vertical direction. 
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5.4 Conclusion 

Major conclusions from the experimental study are as follows: 

(a) The numerical simulation agrees well with the experiment. It is shown that the main 

factors affecting the accuracy of the present numerical model are the system 

damping and the nonlinear elastic property.  

(b) EDS has a remarkable effect on the conductor's motion. A low EDS may induce 

significant subharmonic resonance in moderate sea environments. A suitable EDS 

should be selected for FOPTS in the system design.  

(c) The wind speed would affect the accuracy of the aerodynamic model (wake 

oscillation model) (Reynold Number). When the wind speed is over 8m/s, the 

motion of the conductor shows a markable deviation from the experiment result. 

(d) The result of conductor tension and motion are validated with the numerical model 

and reaches a good agreement, proving the reliability of the aerodynamic module 

introduced in Section 2.5. 
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CHAPTER VI 

Numerical investigation of FOPTS 

6.1 Introduction 

In this chapter, a comprehensive numerical simulation is performed to investigate 

FOPTS response to the wind-wave environment. Section 6.5.1 will discuss conductor 

safety in view of tension, and navigational safety will be illustrated in Section 6.5.2. The 

safety of the mooring line is investigated in Section 6.5.3. For reference of accuracy, the 

effect of second wave force in the numerical model will be discussed in Section 6.6. 

6.2 Environmental conditions 

 

(a) stable 
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(b) conditional unstable 

 

(c) unstable 

Fig 6-1. Probability density distribution with the wind-wave misalignment angle 𝜃𝑚𝑖𝑠 

under different atmospheric conditions [85] 
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As common in real offshore environments, wind-wave misalignment is an important 

factor in the simulation of marine structures.  The misalignment angle 𝜃𝑚𝑖𝑠 depends on 

the stability of atmospheric boundary layers and is defined by: 

 𝜃𝑚𝑖𝑠 = |𝜃𝑤  𝑒 − 𝜃𝑤𝑖𝑛𝑑|. (6-1) 

As shown in Table 6-1, under the stable condition corresponding to sea levels 0-5, 

the probability of wind-wave misalignment is almost equally distributed due to 

decoupled wind layers, like the situation shown in Fig 6-1(a). Accordingly, the 

misalignment under unstable conditions highly depends on wave directions because of 

the turbulence in the air. 

Table 6-1. Atmospheric conditions for different sea states 

Sea state Wind speed 
Average 

SWH 

Atmospheric 

condition 

(most probable) 

Wind  

turbulence 

intensity  

~5 0~16 𝑚/𝑠 0~5 𝑚 stable ≥ 15% 

5~8 16~30 𝑚/𝑠 5~10𝑚 conditional stable 10~20% 

8~ ≥ 30𝑚/𝑠 ≥ 10𝑚 unstable ≤ 10% 

 

 Turbulence is also essential in evaluating wind-induced cable damage [86-87]. 

This study also considers the turbulence intensity (TI) for random aerodynamic loads on 

conductor wires. The turbulence intensity is defined as the ratio of the standard 

deviation of wind speed to the mean wind speed: 

 

𝑇𝐼 =
𝑈𝜎

𝑈 
 (6-2) 

where 𝑈𝜎 is the standard deviation of the wind speed series, 𝑈  is the mean wind speed. 
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A noise generator is applied to generate normally distributed random signals for the 

fluctuations of wind speed in turbulent conditions. The averaging power spectral density 

(APSD) can be defined as: 

 

𝐴𝑃𝑆𝐷 = 𝑇𝐼 ∗ 𝑈 ∗ 𝑡𝑐 (6-3) 

where 𝑡𝑐 is the sample time of the random number generator. 

 

Fig 6-2. Variation of turbulence intensity with offshore wind speed (Location: Naraha-

machi, Fukushima Prefecture) [91] 

The FOPTS is assumed to be installed at a moderate water depth of 120m, and the 

environmental conditions are referred to in the meteorological data of the East Japan 

Sea [52,88-90]. The environmental condition for simulations is shown in Table 6-2. 

According to the definition of cut-out speed, the wind farm is assumed to work while 

the wind speed is below 25m/s, corresponding to LC 1, 2 and 3. It is known that the 

wind-wave misalignment angle 𝜃𝑚𝑖𝑠 is small under typhoons [92].   
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Table 6-2. Environmental conditions for numerical simulation  

Load 

Case 
SWH/Period 

Wind 

speed(TI.)[93] 
   𝒔 

Operation status of wind 

farm 

1 0.75 m/6 s 6 m/s (35%) 0° − 90° Operation (normal) 

2 3.5 m/8 s 12 m/s (25%) 0° − 90° Operation (maximum output) 

3 8 m/11 s 25 m/s (20%) 0° − 60° Cut-out 

4 14 m/16 s 50 m/s (10%) 0° − 30° Blocked 

 

6.3 FOPTS properties 

The aluminium conductor steel-reinforced cable (ACSR) is employed as the overhead 

conductor, a type of high-capacity, high-strength stranded conductor typically used in 

overhead power lines. High-purity aluminium is chosen as outer strands for its good 

conductivity, low weight, low cost, resistance to corrosion and decent mechanical stress 

resistance. The centre strand is made of steel to help support the weight of the conductor 

with additional strength. Steel is of higher strength than aluminium, allowing for 

increased mechanical tension to be applied to the conductor. Steel also has lower elastic 

and inelastic deformation (permanent elongation) due to mechanical loading (e.g., wind 

and ice) as well as a lower coefficient of thermal expansion under current loading. 

By using the proposed numerical model, numerical studies have been carried out 

on the system reliability of FOPTS against actual sea environments. A FOPTS is 

designed for the numerical simulation, as shown in Fig 6-4, including conductors, 

towers, and substations. The following discussions are based on time-domain 

simulations. 

The properties of FOPTS system can be referenced in section 4.4, and the 
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properties of different ACSR types are shown as Table 6-3. Definitely ACSR 610mm2 

has a smaller electrical resistance and brings the highest conductivity efficiency among 

three ACSR. 

Table 6-3. Properties of ACSR conductors (Drake 26/7 type)[94] 

Conductor type RTS 
Young's 

modulus 
Unit mass 

Electrical 

resistance 

Outer 

diameter 

ACSR 240mm2 99.5 KN 89.1 Gpa 1151 kg/km 0.120 Ω/km 2 cm 

ACSR 410mm2 136.0 KN 82.0 Gpa 1734 kg/km 0.088 Ω/km 2.7 cm 

ACSR 610mm2 180 KN 78.3 Gpa 2436 kg/km 0.044 Ω/km 3.1cm 

 

 

 

 

 

Fig 6-3. Cross section of Drake 26/7 conductor[94] 
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Fig 6-4. FOPTS designed for numerical simulation 

6.4 Numerical investigation on wind-only condition 

Numerical simulations are conducted to assess the stability of the overhead conductor in 

turbulent wind environments. In a perpendicular wind inflow, a conductor will have a 

maximum sag. The conductor will become unstable if it is made of light materials or has 

a slight pretension. For this reason, a perpendicular wind inflow is selected to check the 

stability of the conductor in the present study. Three types of ACSR are discussed, and 

the 1st natural frequency is set as 1.4 𝑟𝑎𝑑/𝑠 for comparison (same in Section 6.5). 

  

Seabed

TLP tower
Substation

(regard as rigid)

Substation 

onshore

(regard as rigid)

clearance

wave

β

wind

            

windwind
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Fig 6-5. Time series of the 𝐴𝐶𝑆𝑅410𝑚𝑚2 tension under wind only conditions 

 

 

 

Fig 6-6. Conductor tension under wind only conditions ( 𝛽𝑤𝑖𝑛𝑑 = 90°, 

𝐴𝐶𝑆𝑅240𝑚𝑚2,𝐴𝐶𝑆𝑅410𝑚𝑚2, 𝐴𝐶𝑆𝑅610𝑚𝑚2) 
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The tensions of the conductor (𝐴𝐶𝑆𝑅410𝑚𝑚2) under various wind conditions are 

shown in Fig 6-5 by turning off the wave conditions. The mean tension of the conductor 

is found to be insensitive to the turbulent wind when wind speed is below 40m/s, 

indicating a weak correlation between 𝜃𝑤𝑖𝑛𝑑 and the conductor tension. However, when 

the wind speed increases to 50m/s, the mean tension shows an 18% rise, and the STD 

increases to 1.5% RTS. From these results, it can be concluded that the overhead 

conductor of the FOPTS is stable in most offshore environments. 

Fig 6-6 presents a statistical analysis of the time series for three types of ACSR. 

ACSR 610mm2, with the most enormous unit mass, has less STD to the turbulent wind. 

ACSR 240mm2, which always shows the largest tension STD, indicates a weak adaption 

to strong wind. 

6.5 Numerical investigation on coupled wind-wave condition 

6.5.1 Conductor force 

Two metrics can measure the safety of conductor wires when FOPTS is in operation. 

One is the fatigue performance [95-97] under daily conditions (i.e., LC 1 and 2 in Table 

5), which is essential to evaluate the lifetime of conductors. The other is the stress under 

harsh environments (i.e., LC 3 and 4), which indicates the system's response to 

emergencies. 
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Fig 6-7. Conductor force under LC 1 and 2 (ASCR 410mm2, 𝜃𝑤  𝑒 = 0°, 𝜃𝑤𝑖𝑛𝑑 = 10°) 

 

 

Fig 6-8. Fatigue tests data of two-layer ACSR.[96] 
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Fig 6-9. Conductor tension under different 𝜃𝑤𝑖𝑛𝑑 (𝜃𝑤  𝑒 = 60°, LC 2) 

 

 

 

Fig 6-10. Conductor tension under different 𝜃𝑤  𝑒 (𝜃𝑤𝑖𝑛𝑑 = 30°, LC 2) 
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6.5.1.1 Mild environment 

The time series of stress under LC 1 and 2 are plotted in Fig 6-7. The conductor can 

work within a limit of 30% RTS under daily conditions. The standard division (STD) of 

conductor force is calculated to check the fatigue performance evaluation. Based on the 

S-N curve of the Drake 26/7 conductor (shown as Fig 6-8), the conductor would break 

at an over-100 million-cycle under 15 Mpa stress amplitude, corresponding to a lifetime 

of : 

 𝑇𝑙𝑖𝑓𝑒 > 100 ∗ 𝑇𝑠 ≈ 19.2 (𝑦𝑒𝑎𝑟). (6-4) 

where 𝑇𝑠 is the the average period of the cycle load. 

The difference between the three types is plotted in Fig 6-9 and Fig 6-10. From the 

effect of wind direction plotted in Fig 6-9, the tension STD of ACSR 410mm2 is found 

to be the smallest variation to the change in wind direction.  

As shown in Fig 6-10, wave direction significantly affects the conductor tension. 

Comparing other ACSR types, ACSR 610mm2 especially shows a violent  STD wave 

direction change, indicating a shorter lifetime according to the S-N analysis. 

6.5.1.2 Harsh environment 

The stress in harsh environments (LC 3 and 4) can also be discussed considering the 

wind-wave misalignment. A time series of conductor force is shown in Fig 6-11. The 

conductor force would be limited to 55% RTS in all simulations, which remains enough 

tolerance for sudden loads. The low bound of conductor force, which is close to 5% 

RTS, should also be noticed for the instability of long-span cable. When wind/wave 

flows along the direction of 90°, the conductor force can also reach 33% RTS with a 

low STD by the effect of strong winds. 
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Fig 6-11. Conductor force under LC 3 and 4(ASCR 410mm2,𝜃𝑤  𝑒 = 0°, 𝜃𝑤𝑖𝑛𝑑 = 10°) 

 

 

 

Table 6-4. Upper and low bound of conductor force (ASCR 410mm2, LC 4) 

 𝜃𝑤  𝑒 = 0°, 

𝜃𝑤𝑖𝑛𝑑 = 30° 

𝜃𝑤  𝑒 = 30°, 

𝜃𝑤𝑖𝑛𝑑 = 0° 

𝜃𝑤  𝑒 = 60°, 

𝜃𝑤𝑖𝑛𝑑 = 90° 

𝜃𝑤  𝑒 = 90°, 

𝜃𝑤𝑖𝑛𝑑 = 90° 

Max/Min 

(𝑅𝑇𝑆) 
0.51/0.04 0.48/0.03 0.39/0.18 0.33/0.25 
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Fig 6-12. Conductor tension under different 𝜃𝑤𝑖𝑛𝑑 (𝜃𝑤  𝑒 = 60°, LC 4) 

 

 

Fig 6-13. Conductor tension under different 𝜃𝑤  𝑒 (𝜃𝑤𝑖𝑛𝑑 = 30°, LC 4) 
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Fig 6-12 illustrates the effect of wind direction on the wire tension under the same 

wave conditions. It is found that the mean wire tension increases with the wind direction 

angle 𝜃𝑤𝑖𝑛𝑑 . However, the increment is small due to the presence of the pulleys. In 

contrast, the standard deviation of the wire tension decreases with the increase of the 

wind speed 𝑈, possibly due to the reason that wires are stretched and highly tensioned at 

high wind speeds. Note that the standard deviation of the wire tension significantly 

decreases in hybrid wind and wave conditions when the misalignment angle is zero 

(𝜃𝑤  𝑒 = 𝜃𝑤𝑖𝑛𝑑 = 60°). 

Fig 6-13 illustrates the effect of wave direction on the wire tension when the wind 

speed keeps constant. When waves incident along the platform sway direction (𝜃𝑤  𝑒 =

90°), the standard deviation of the wire tension becomes zero, and the tower motion has 

little effect on the conductor wires. Similarly, due to the presence of the pulleys, the 

mean wire tension in extreme conditions is less affected by the combined wind and 

waves. 

Similar to the result in Section 6.5.1.1, ACSR 610mm2 shows a larger STD in the 

statistical analysis. Especially when the wave direction 𝜃𝑤  𝑒  turns to 30°, the STD 

shows a sudden rise, which may lead to a dangerous situation in extreme environments 

such as storms or typhoons.  

6.5.2 On navigational safety 

Conductor clearance to the water surface is studied because of its effect on the electric-

field distribution [98-99]. The conductor wire should be kept above the reference height 

in view of electromagnetism while operating. The sailing area under the conductor, 
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assumed to be possibly affected by the electric field from the high-voltage conductor, is 

denoted as the shadow area in Fig 6-14.  

 

Fig 6-14. Conductor impacted navigation zone of FOPTS 

According to the allowable clearance limits specified by the National Electrical 

Safety Code (NESC) [100], the clearance to open water surfaces can be calculated by 

Eq. (6-5): 

 𝑆𝑎 𝑒𝑡𝑦 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 =  𝐻22 +𝐷22~(𝑉 − 22), (6-5) 

where 𝐻22  is the reference height when the conductor operates under 22𝑘𝑉 . 𝐷22~ 

denotes the increasing rate when the operation voltage is large than 22𝐾𝑉. Values of the 

two terms are determined by the sailing area shown in Fig 6-14. Considering a safety 

area of 200 acres, the value of 𝐻22 is set as 8.7m while 𝐷22~ is 0.012 𝑚/𝑘𝑉. Thus, for a 

115 𝑘𝑉 conductor, the desired clearance should be at least 9.3𝑚 to vessels on the sea 

while power transmission is operating.   

  

Surge

Sway

Heave

Conductor impacted 

navigation zone

wave
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Table 6-5. Vertical clearance of overhead conductors [100] 

 

  

Nature of surface Underneath 

wires, conductors, or cables 

Naked conductors with a 22KV 

operation voltage (m) 

Track rails of railroads 8.1 

Roads, streets, and other areas 

subject to truck traffic 
5.6 

Driveways, parking lots and alleys 5.6 

Other land traversed by vehicles, 

such as cultivated, grazing, forest, or 

chards, etc 

5.6 

Spaces and ways subject to 

pedestrians or restricted traffic only 
4.4 

Water areas not suitable for 

sailboating or where sailboating is 

prohibited 

5.2 

Water areas suitable for sailboating 

including lakes, ponds, reservoirs, 

tidal waters, rivers, streams, and 

canals with an unobstructed surface 

area of 

 

 Less than 20 acres 6.2 

 Over 20 to 200 acres 8.7 

 Over 200 to 2000 acres 10.5 

 Over 2000 acres 12.3 

Roads, streets, or alleys 5.6 

Roads where it is unlikely that 

vehicles will be crossing under the 

line 

5.0 
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Fig 6-15. Predicted Sag under LC 1 and 2 (ASCR 410mm2,𝜃𝑤  𝑒 = 0°, 𝜃𝑤𝑖𝑛𝑑 = 10°) 

Table 6-6. Clearance of conductor under different environments (ASCR 410mm2, 

𝜃𝑤  𝑒 = 0°, 𝜃𝑤𝑖𝑛𝑑 = 10°) 

  LC 1 LC 2 LC 3 

Lower 

bound of 

clearance 

29.4 m 27.2 m 23.1 m 

 

Assuming that the power transmission system is working under LC (Load Case) 1, 

2 and 3, the clearance of conductor wire, calculated from time-domain simulations, is 

given in Table 6-6. Under LC 1 and 2, the clearance of conductor wires to the mean sea 

level can be kept above 27𝑚, which indicates an allowance for vessels within 18 𝑚 air 

draft (e.g., 1500-tonnage carriers [101]). Under LC 3, the air draft can be kept below 

12 𝑚, providing accessibility for the traffic of small-scale ships and carriers in harsh 

environments. 
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Fig 6-16. Sag of different ACSR by the wind direction (LC 2) 

 

 

 

Fig 6-17. Sag of different ACSR by the wave direction (LC 2) 
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Comparisons of different ACSR type are shown in Fig 6-16 and Fig 6-17. While 

FOPTS are working for power transmission, ACSR 610mm2 has the largest sag change 

to wind-wave excitations (near 1.5 times of others), indicating the same conclusion as 

Section 6.5.1.1. 

6.5.3 On mooring line safety 

6.5.3.1 Mild environment 

Fig 6-18 shows the mooring line tension in usual environments (LC 1 and 2 in Table 6-

2). The tendon would work in a range of 127% pretension, and load amplitude would 

be limited below 10% EBS. Assuming the equivalent diameter of rope as 0.1m, the rope 

continuously under daily environments has a 10 𝑀𝑝𝑎 nominal stress range (which can 

be approximated by standard deviations), which indicates an over-15-year lifetime in 

the view of fatigue analysis [102-103].  

 

Fig 6-18. Predicted tendon force under LC 2 (𝜃𝑤  𝑒 = 30°, 𝜃𝑤𝑖𝑛𝑑 = 60°) 
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6.5.3.2 Harsh environment 

The tension under an extreme sea environment (LC 4 in Table 6-2) is shown in Fig 6-19. 

It is observed that the tendons are always tightened under extreme conditions for 

transverse waves. The max value of tendon force under a transverse wave occurs at the 

0°  incident wave with 30°  wind inflow (202% pretension), which is less than the 

designed break limit of 275% pretension. Notably, the min tensile force that occurs at 

the 30°  incident wave with a 60°  wind inflow, which may be caused by the rapid 

variation of the yaw motion of the TLP, should be carefully considered for Mathieu 

stability [104-105] in practical situations.  

 

 

Fig 6-19. Tendon force under LC 4 (𝜃𝑤  𝑒 = 30°, 𝜃𝑤𝑖𝑛𝑑 = 60°) 

The effect of the wind direction on mooring tendon tensions is presented in Fig 6-

20. Worth noting is that when 𝜃𝑤  𝑒 = 60° and the wind speed is relatively low, the 
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mean tendons of Tendons 1 and 2 are almost the same due to symmetry. With the 

increase of 𝜃𝑤𝑖𝑛𝑑, the tendons in the three mooring lines tend to be different. However, 

the associated standard deviations have smaller variations. Furthermore, under different 

wave directions, the mean line tendon keeps in between 1.0-1.1F, as shown in Fig 6-21. 

In the 90° incident wave, the standard deviations of the tendon tensions tend to be the 

same. 

Due to the fact that the underwater part of the FOPTS is much larger than the rest 

part, the mooring tendon tensions are mainly controlled by wave forces unless in strong 

winds. The mean value and the standard deviation of the mooring tendon tensions are 

generally at a comparable level, indicating that the mooring system has a good function 

in station-keeping of the FOPTS. Furthermore, the averaged mooring tension in Tendon 

3 (at the lee side of the incident wave) is relatively large, and the standard deviation in 

correspondence also increases a little bit.  
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Fig 6-20. Tendon force under different 𝜃𝑤𝑖𝑛𝑑 (𝜃𝑤  𝑒 = 60°, LC 4, 𝐹0 denoting the 

pretension). 

 

Fig 6-21. Tendon force under different 𝜃𝑤  𝑒 (𝜃𝑤𝑖𝑛𝑑 = 30°, LC 4) 

  



                                 CHAPTER VI : NUMERICAL INVESTIGATION OF FOPTS 

- 97 - 

 

6.6 On second order wave force 

As an essential part of irregular wave load, the second-order wave force, which is 

calculated in the formula (2-24), is discussed for its effect on the FOPTS simulation. 

The effect of second-order wave force is defined as: 

 𝑒  𝑒𝑐𝑡 =
𝑉2𝑛𝑑 − 𝑉𝑛𝑜2𝑛𝑑

𝑉𝑛𝑜2𝑛𝑑
  

where 𝑉 is the value of conductor tension. 

Different values of everyday stress (EDS) are employed as simulation conditions to 

make contrasts. From the time-domain simulation, the max value and standard division 

(STD) are calculated for the indicators.  

Fig 6-22 shows the effect under the condition of 𝜃𝑤𝑖𝑛𝑑 = 0°. It is found that the 

second-order wave force reflects a smaller effect on the conductor tension while the 

EDS increases. The max effect occurs in the wave direction 30° or 60°,  which indicates 

the drive from multi-DOFs would amplify the second-order wave force effect. When the 

EDS decreases to 15%, the effect of second-order wave force reaches a state of 7% and 

plays a significant role in the prediction of the conductor dynamics. 

 

(a) 
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Fig 6-22. The effect of 2nd order wave force under 𝜃𝑤𝑖𝑛𝑑 = 0°: (a) EDS=25%RTS; (b) 

EDS=20%RTS; (c) EDS=15%RTS. 
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The effect under a wind direction of 90° is shown in Fig 6-23. When the conductor 

is highly tensioned at high wind speeds, the effect of second-order wave force is 

relatively much smaller than the situation of  θ_wind=0°, indicating that the high wind 

speed will suppress the conductor’s multi-DOF motion caused by TLP.  It is also found 

that the effect was not significantly related to the EDS, which shows the aerodynamic 

load will affect the FOPTS more when the conductor is highly tensioned by the wind. 

Overall, the max effect on the conductor occurs at the wave direction of 30° or 

60° ,  once again proving the importance of the wind-wave misalignment in the FOPTS 

numerical research.  

 

  

(a) 
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Fig 6-23. The effect of 2nd order wave force under 𝜃𝑤𝑖𝑛𝑑 = 90°: (a) EDS=25%RTS; (b) 

EDS=20%RTS; (c) EDS=15%RTS. 
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6.7 Conclusion 

The reliability of FOPTS is discussed in this chapter by numerical investigations. Major 

findings are listed as follows:  

(a) The ACSR conductor performs well under the environmental conditions the present 

study considered. The conductor can have an over-19-year lifetime in view of 

mechanic fatigue analysis under daily conditions. It reaches a half-RTS tolerance in 

harsh sea environments, which is acceptable for practical needs.  

(b) Design of FOPTS should consider the conductor dynamic. In the present study, 

ACSR 610mm2, which has smaller electrical resistance and the highest conductivity 

efficiency, behaves worse under the offshore environment, which should be noticed 

while the conductor option. 

(e) The most dangerous situation for the FOPTS occurs in harsh waves and strong wind 

conditions. The wind-wave misalignment significantly affects the low bound of 

tendon force. Furthermore, the Mathieu stability should be carefully considered 

because of the near-zero tension. 

(f) Given navigational safety requirements, the current design could allow vessels with 

a safe air draft to cross the sea area in typical sea environments.  

(g) The study for the second wave force effect is conducted in Section 6.6. The effect is 

lower than 3% under the design condition of a 25% RTS pretension, which is 

negligible in the evaluation of FOPTS. 

(h) The low EDS will amplify the effect of second-order wave force on the conductor. 

The effect will also become more significant when the wave is not in parallel with 

the axial direction of the conductor. 
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(i) The wind-wave misalignment will affect the conductor dynamics according to the 

simulation in Section 6.5, and the calculation accuracy is also affected by it. This 

proves that the wind-wave misalignment is an essential factor in the prediction of 

FOPTS. 
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CHAPTER VII 

Conclusion and future work 

Floating overhead power transmission system (FOPTS) is a newly proposed solution to 

offshore power transmissions. Due to its advantages in cost and standardization process, 

the FOPTS is expected to be an option of offshore power transmission in the future 

offshore wind power (OWP) industry.  To realize the concept, there are many challenges 

to be overcome, and the following important topics have been studied in this research. 

(1) Design and improvement of a floating transmission tower foundation for FOPTS.   

(2) Development of a reliable numerical simulation method for coupled analysis of 

hydrodynamics and aerodynamics. 

(3) Safety investigation of the proposed FOPTS under extreme offshore environments. 

Experimental and numerical investigations have been carried out. A numerical tool 

has been developed in this research. The hydrodynamics model, the aerodynamics 

model, and the mooring line calculation model by using MATLAB functions, the TLP 

rigid body model by using Simscape®, have been separately developed and they are 

finally combined.  By comparing to the experimental measurements in the wave tank 

and the wind tunnel tests, it is found that the combination of a hybrid model for 

hydrodynamics and a wake-oscillation model for aerodynamics is a reasonable approach 

to model the FOPTS. This approach have been used in the numerical investigation of 

safety issues for the FOPTS in the real sea environments. 

Through the numerical investigation, it is found that the proposed FOPTS is 

hydrodynamically and aerodynamically safe under daily offshore conditions. The use of 

sheave can effectively suppress the dynamic tension of the conductor so as not to 
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exceed its rated tensile strength (RTS), which indicates the FOPTS feasibility. Other 

major findings from this study can be summarized as follows: 

(i) The frequency design is proved effective in the FOPTS study. 

(ii) The three-legged TLP shows good hydrodynamics and affords to support the 

overhead conductor in the offshore environment.  

(iii) Subharmonic resonance is the main factor which would affect the safety of 

overhead conductors under mild environmental conditions. It is worth paying more 

attention to the conductor dynamics at high frequencies. 

(iv) The wind-wave misalignment is essential in the prediction of overhead conductors. 

The conductor in a loose state always has a more unstable performance in the 

offshore environment. 

(v) The conductor option should also consider the environmental effect. An overweight 

conductor, which has higher power transmission efficiency, may behave worse 

under harsh conditions. 

It is worth noting that the present research aims to provide options for offshore power 

transmission and contribute to the development of offshore wind energy. However, there 

are still many challenges to overcome in order to achieve this goal.  

One problem is that the simplified QTF method used in the study may not 

accurately reflect the wave loads at low-frequency and high-frequency, which may 

affect the accuracy of the motion prediction of overhead conductors in FOPTS. A 

complete method is desired in the future. 

Another problem is the linear approximation of the conductor, which may not 

sufficient for the FOPTS. Since the conductor dynamics is an essential part of the safety 

assessment for FOPTS, a nonlinear model should be put on the table for the next step of 
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the study. 

The third problem is related to the experiment. The experiments on wave-induced 

motion and wind-induced motion are performed separately to validate the 

hydrodynamics model and aerodynamics model. In the future it is expected to perform a 

model test in the wind-wave tank, in which the coupled wind-wave effect can be 

investigated directly and precisely. 
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