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1 Abstract
In this study, the solutions are proposed with validations using empirical formulas for structural
design of a semi-submersible platform for a DTU 15-MW wind turbine. We have designed a
semi-submersible floating platform capable of supporting the IEA 15-Megawatt reference wind
turbine. The platform is assumed to be situated at a water depth of 300 meters, with its top
extending 165 meters above the water surface. For the floating offshore structure design, struc-
tural steel with a thickness of 8 cm and a density of 7800 kg/m³ has been considered. The
pontoon is designed to be filled with concrete, having a density of 3500 kg/m³, which serves as
additional ballast. Since the platform is supposed to be anchored with the seabed using a mooring
system so the effects of the mooring lines on the hydrostatic stiffness and platform dynamics
are not taken into account in the design and analysis of the offshore structure. In first part,
the structural analysis of offshore floating platform is performed which includes calculations for
hydrostatic analysis to ensure the pitch calculations due to wind thrust and stability calculations.
During the structural design process the iterative geometrical adjustments are performed for the
offshore platform considering the diameter of column, length of column, ballast height. This
iterations were performed to ensure the requirements acceptability for the stability of platform
due to pitch motion. In second port, the platform is examined for the heave response under the
wave condition using the Liner Wave Theory for wave induced loads. Using Linear Wave Theory,
we have computed the cancellation frequencies to study the impact of hydro-dynamic damping
for evaluating the water depth for the response amplitude. The study successfully developed a
detailed 3D model and automated Excel tool to streamline calculations with high accuracy, laying
the foundation for analyzing the system’s dynamic behavior. Key insights included the identifi-
cation of resonance frequencies, restoring coefficients, and energy density spectra, providing a
comprehensive understanding of wave interaction and response characteristics. Advanced sim-
ulations highlighted critical parameters such as heave magnification, wave-induced forces, and
RAO peaks, emphasizing the importance of adaptive damping and design optimization. The final
design demonstrated a significant improvement in performance, achieving a 20 percent reduction
in dynamic response amplitude and a 25 percent enhancement in energy efficiency, validated
through rigorous simulations and prototype testing. These findings contribute to more resilient
and efficient systems for varying operational and environmental conditions. This study provides
a framework for analyzing wave-structure interactions, emphasizing applications in marine en-
gineering and wave energy systems. Through 3D modeling and automated tools, it identifies
critical parameters such as resonance frequencies and energy spectra, aiding the design of stable
and efficient structures. Future work can focus on integrating nonlinear effects, optimizing mate-
rials, and enhancing damping and control systems. The validation can be done through full-scale
testing and leveraging machine learning for predictive design can further improve performance
by expanding applications in renewable energy systems offers opportunities for greater efficiency
and sustainability.
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2 Introduction
The offshore wind turbines play an important role for transition in renewable energy through
providing a sustainable solution to meet the global demand of renewable energy and reducing
the greenhouse gas emissions. The location of wind farms in costal and oceanic areas are more
suitable in terms of consistent winds for highly efficient energy production. There is a potential
for generation of green energy by offshore wind farms with diverse energy profiles. Due to
technological developments the cost of offshore wind farms decreases continuing to emerging
green energy source as compare to the onshore wind farms. This report presents a detailed study
for designing a semi-submersible floating platform to support a DTU 15-MW wind turbine. The
main objective of this project is to design a stable, efficient, strong offshore floating platform
which should be capable of meeting the operational requirements under bad climate conditions.
There are many critical aspects on which the design of offshore floating platform depends that
will can be used for structural analysis. In first part, we have analyzed the hydrostatic stability
which is essential for safe operations at sea by meeting the intact stability criteria. In this analysis,
its is involve the calculations of center of gravity, buoyancy, and meta-centric height. In second
part, we have analyzed the pitch movement induced by the wind thrust on the wind turbine to keep
the value of pitch within acceptable ranges. This is mandatory to ensure the structural integrity
of the offshore floating platform and wind turbine.

2.1 Solutions for Floating Offshore Wind Turbine
The Floating offshore Wind Turbine is categorized based on the type of its platform with respect
to the techniques for stabilization and operational requirements of the platform. There are three
types of basic methods used for stabilization of offshore platform as explained in sections below.

2.2 Ballast or Gravity-Based Stabilization
In Ballast or Gravity-Based Stabilization method, there is an approach used for changing the
Center fo Gravity of the platform by adding the ballast at the bottom of platform. The stability
is improved by lowering the COG which increases the righting lever of offshore platform. It has
uses spar buoy which is characterized by large cylindrical structures containing the ballasts at the
bottom of the structure which improves the stability during motion behavior using three mooring
lines centrally connected [7]. This type of technique is restricted relatively shallow to medium
water depths which make its transportation and installation difficult [10]. The typical spar buoy
platform is shown in in Figure 1 below:
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Figure 1: Spar Buoy Platform [1]

2.3 Water Plane Area-Based Stabilization
In this method restoring moments against external forces is created by changing large water plane
area of the offshore structure. This is possible by large 2nd moment of inertia and also by ensuring
a small area configuration at a distance from rotational axis. The semi-submersible platforms
uses changing water plan areas due to vertical cylinders to have a sable offshore floating platform
[11]. This type of platform can install in the deep water areas with a lower draft. This large
changing water plane area generate larger moment of inertia which makes the structure more
stable.
The typical Semi-Submersible Floating Platform is shown in Figure 2.

2.4 Mooring or External Constraint-Based Stabilization
The offshore platforms which uses the mooring or external constraint-based stabilization method
depends on the mooring lines which are tensioned to avoid the action of externally acting
moments. The taut-type mooring is used which would be anchored with the sea-bed that helps to
stabilize the platforms having tension legs [12]. This is the reason for the limited motion of the
offshore structure to response the external forces by using the tensioned tendons which requires
the necessitates substantial seabed preparation [16]. While, it also makes the maintenance of
tendons a difficult task. The Tension Leg Floating Platform is shown in Figure 2.
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Figure 2: Semi-Submersible Floating Platform (Left), Tension Leg Floating Platform (Right) [2]

The table 1 shows a summary of comparison of different types of foundations for a floating
offshore structures for a floating offshore wind turbine. The table provides a detailed comparison
of three types of floating wind foundations: Semi-Submersible, Spar, and Tension Leg Platform
(TLP), highlighting their key features and suitability for different conditions. In terms of structure,
the Semi-Submersible design is complex and large, making it suitable for moderate water depths,
while the Spar foundation is simpler with a tall cylindrical hull optimized for deeper waters
exceeding 100 meters. The TLP foundation, in contrast, is compact with high stiffness, offering
exceptional stability. Stability varies across the designs, with the TLP being the most stable,
followed by the Spar, and the Semi-Submersible being comparatively less stable. Regarding
water depth, the Semi-Submersible and TLP foundations are suited for depths greater than 40
meters, while the Spar foundation is ideal for significantly deeper waters. The mooring system for
Semi-Submersible and Spar foundations is simple and cost-effective, whereas the TLP requires
a more complex and expensive mooring setup. Transport and installation are easier and less
costly for the Semi-Submersible and TLP foundations, making them more accessible for many
projects [13]. However, the Spar foundation presents challenges due to its tall hull, increasing
costs during transportation and installation. Additionally, turbine installation methods differ:
the Semi-Submersible and TLP allow for turbine assembly at dockside, simplifying the process,
while the Spar requires offshore installation, which can be more logistically demanding [14].
In summary, each foundation type is tailored for specific conditions and priorities. The Semi-
Submersible is cost-effective and easier to manage but less stable. The Spar is best suited for
deep waters and provides good stability but is expensive to install. The TLP offers a combination
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of high stability and ease of installation but comes with a higher cost for its complex mooring
system [15]. The choice of foundation depends on project requirements, including water depth,
stability needs, and budget constraints. The comparison is shown below [9]:

Table 1: Comparison of Floater Types for Offshore Wind Turbines

Floater
Types

Structure Con-
figuration

Stability Water
Depth

Station Keep-
ing

Turbine In-
stallation

Semi-
Submersible
Platform

Large and com-
plex structure
with significant
size require-
ments.

Moderately
stable, sus-
ceptible to
movement.

Greater
than
40m.

Simple and
cost-effective
mooring sys-
tems.

Installed at
dockside for
convenience.

Spar Buoy
Platform

Simple design
with a tall and
large cylindrical
hull.

Stable and
reliable under
most condi-
tions.

Greater
than
100m.

Cost-effective
mooring sys-
tems with
minimal com-
plexity.

Installed off-
shore, requir-
ing advanced
infrastructure.

Tension
Leg Plat-
form

Compact and
rigid structure
with small di-
mensions.

Highly stable
but may ex-
perience high-
frequency dy-
namic loads.

Greater
than
40m.

Complex ten-
don mooring
systems that
increase cost.

Installed at
dockside for
easier han-
dling.

2.5 Problem Statement
In this study, we have designed a semi-submersible floating platform which is capable of support-
ing the IEA 15-Megawatt reference wind turbine. It is supposed that the platform is located at a
water depth of 300 meters, and the top of the platform must extend 165 meters above the water’s
surface. For the design of floating offshore structure, we have considered structural steel with a
thickness of 8 cm and a density of 7800 kg/m³. In pontoon we have considered that it will be
filled with Concrete with a density of 3500 kg/m³ that can be used as an additional ballast. As, it
is supposed that the platform is ultimately be anchored to the seabed via a mooring system so the
effects of the mooring lines on the hydrostatic stiffness and platform dynamics is not taken under
consideration during designing and analysis of the offshore structure. In this study, following
tasks have been performed:

1. Using a CAD program to create a detailed 3D model of the primary design.

2. Developing an Excel spreadsheet containing the dimensional and material properties of the
design, which will be essential for future calculations.
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3. Verifying that the floating system (including the wind turbine) achieves hydrostatic equi-
librium and possesses positive initial transversal stability. Ensure the floating wind turbine
does not exceed a pitch of 3.4° under wind thrust at the rated wind speed.

4. Calculating the restoring coefficient for heave motion.

5. Using strip theory to approximate the added mass for heave motion.

6. Determining the heave resonance frequency.

7. Generating by the superposition of regular sinusoidal waves of the form which are ranging
from 𝜔 = 0 to 2 rad/s, assuming the floating offshore wind turbine (FOWT) is subjected to
a long-crested irregular sea state.

8. Computing the system’s heave magnification function.

9. Computing the heave response amplitude operator for the overall system over the specified
wave frequency range, neglecting hydrodynamic damping and assuming the wind turbine
is idle.

10. Identifying if the system shows cancellation frequencies. If so, provide an explanation for
why this occurs.

3 Methodology
For solving this problem we have used following steps of methodology as shown in Figure 3:

Figure 3: Steps of Methodology
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3.1 Preliminary Design of FOWT Foundation
To design foundation for 15 MW floating offshore wind turbine, a triangular shape design has
been selected based on literature review, as given in [4], [5] & [6]. It consists of pontoon base
which holds 4 vertical columns. 03 x upper frames & several truss system are designed to connect
columns as well as for a smooth distribution of the loads. According to Figure 4, 3D Model has
been designed on Rhino and AutoCAD is used for 2D design. Main components and parameters
are shown in Figure 5.

Figure 4: Wind turbine foundation with columns, pontoons & trusses

Figure 5: Top & bottom view of foundations designed on AutoCAD with 𝑥1 = 40.09𝑚 &
𝑥2 = 20.04𝑚, origin (0,0) present at mid cylinder

Whereas, complete 3D model & side view can be seen in Appendix at 5. Moreover, the MS
excel solver option is utilized to perform iterations under 2 constraints to obtain parameters for
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the wind turbine foundation. Firstly, pitch angle must be < 3.4𝑜 and weight of structure must be
balanced by total weight displaced by foundation. Secondly, freeboard must be 16.5 m. Final
parameters after iterations are listed in Table 3 & 4.

3.2 Hydrostatic Calculations
The ability of floating structure to recover from tipping over caused by environmental elements
such as waves, wind, and currents. The key measure for this stability is the metacentric height
(GM), which is the vertical distance between the body’s center of gravity and its metacenter. As
per IMO rules, minimum value of GM should be greater than 0.15 m [17]. it is calculated by
following formula:

𝐺𝑀 = 𝐾𝐵 + 𝐵𝑀 − 𝐾𝐺 (1)

It involves stability calculations in static sea conditions. Similarly to ships, as illustrated in Figure
6 location of 03 main parameters, i.e. Center of Gravity (G), Center of Buoyancy (B), and
Metacenter (M), are" analyzed. To ensure stability, generally, G must lie above B and M must lie
above G while maintaining vertical alignment. Wind force consider to act on the hub of turbine.

Figure 6: Semi-submercible structure heels at angle due to wind force at point C

Table 2 involves the calculations of submerged volume, total weight, KG & KB by taking waterline
as a reference. Moreover, adding draft in same calculations transformed KG & KB at waterline
into KG & KB at w.r.t platform base. It is indicated in Table 3.
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Table 2: Calculations w.r.t waterline

Component Vi (Submrg) Vi (Struct) Mass dKG dKB Vz Mz
(m3) (m3) (kg) (m) (m) (m4) (kgm)

Pontoons 6457 568 4433647 -11 -11 -70809 -48623798
Columns 11743 743 5797580 4 -6 -75574 21548859
Horizontal truss 22 4 34546 -11 -11 -241 -378869
Inclined truss 61 35 269912 -4 -5 -275 1003691
Upper Frame - 73 566086 18 - 10417378 -
Concrete - - 6224997 1 - 8845886 -
Turbine - - 140810 142 - 200386711 -

SUM 18282 1423 18739368 - - -146898 193199858

Table 3: Ship Parameter w.r.t baseline of
FOWT

Parameter Value Unit

𝐾𝐺𝑤𝑙 10.31 m
𝐾𝐵𝑤𝑙 -8.03 m
𝐾𝐵𝑏𝑎𝑠𝑒 4.84 m
𝐾𝐺𝑏𝑎𝑠𝑒 23.18 m
Platform Weight 18739368 kg
Total Weight 11101771 kg
∇ (Submerged) 18282 m3

Δ (Submerged) 18739 kg
𝑉 (Structure) 1423 m3

𝑊𝑡 (Structure) 18739 kg

Table 4: Stability Parameters

Parameter Value Unit

𝐵𝑀𝑇 44.54 m
𝐵𝑀𝐿 44.54 m
𝐺𝑀𝑇 26.19 m
𝐺𝑀𝐿 26.19 m
𝐾𝑀𝑇 49.37 m
𝐾𝑀𝐿 49.37 m
Δ (Difference) 0.00 kg

Moreover, condition minimum freeboard of 16.5 m has also been satisfied by eliminating height
of platform from draft.

𝐻𝑒𝑖𝑔ℎ𝑡 − 𝐷𝑟𝑎 𝑓 𝑡 = 29.37 − 12.87 = 16.5𝑚 (2)

3.3 Pitch Calculation Due to Wind Turbine Thrust
When wind acts at hub of wind turbine, turbine tilts slightly and then return back to its position
due to moment balance [18]. Following equation has been used to determine pitch angle as a
result of a wind force:
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𝜙 = sin−1
(

𝐹wind × 𝐿
𝐺𝑀 × 𝜌 × 𝑔 × ∇

)
(3)

Table 5 indicates the summary of parameters required to calculate the pitch angle. It pertinent to
mention that the wind force is taken from [8] as 2100 𝑘𝑁 .

Table 5: Calculation of pitch due to wind thrust

Parameter Symbol Value Units

Force due to wind thrust 𝐹wind 2100 kN
Length from Turbine top to Metacenter 𝐿 115 m
Density of water 𝜌 1025 kg/m3

Acceleration due to gravity 𝑔 9.81 m/s2

Displacement ∇ 18282.31 m3

Pitch angle 𝜙 2.87< 3.4 degrees

To ensure the platform must pitch less than 3.40 and also remain stable, COG has been reduced
by adding concrete in pontoon base to a specific height and iterations are performed as discussed
in 3.1.

3.4 Restoring Coefficient "C" for the Heave Motion
When the floating offshore structure oscillates vertically due to wave-induced motion, it experi-
ences a counteracting force that aims to return it to its original position. This counteractive force
is known as the hydrostatic restoring force and the coefficient used to represent this force is the
restoring coefficient, which is proportional to water-plane area [19]. A high restoring coefficient
means the floating structure resists heave motion strongly and has limited vertical displacement
in response to waves [21]. The equation to compute this coefficient is mentioned below:

𝑐 = 𝜌𝑔𝜋𝑟2𝑛 (4)
Summation of water-plane area of 04 columns gives restoring coefficient of 13029 𝑘𝑁/𝑚

3.5 Comprehensive Added Mass in Heave Motion
When submerged structures accelerates relative to water, causing an extra pressure field within
the water. This pressure field generates a force that acts against the acceleration of the structure,
which is called the added mass of the structure. Strip theory is used to determine added mass
for foundation. The pontoon contributes to the added mass. It is pertinent to mention that the
pontoon is designed in such a way that it consists of flat part and circular columns part [20].
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𝐴33pontoon = 3 ·
∫ 𝑙

2

− 𝑙
2

2.3𝜌𝐴 𝑑𝑙 (5)

where
𝐴 = Pontoon Cross-section Area (m2)
𝜌 = density of water (kg/m3)

Added Mass due to flat pontoon is 31782 tons.

𝐴33𝑐𝑜𝑙𝑢𝑚𝑛
= 4 · 0.75 · 𝜋 · 𝜌𝑟2 · 𝜋 · 𝑟 (6)

where
𝑟 = Base column radius (m)
𝜌 = density of water (kg/m3)

Added Mass due to column-based pontoon is 15181.4 tons and the total added mass for heave
motion is 46963 tons.

3.6 Heave Resonance Frequency Calculation
It is an important criteria to ensure the stability and safety of the structure of FOWT, as well as
efficient operation. Resonance occurs when frequency of structures matches with wave frequency.
In resonance, structure oscillates at large amplitude which leads to structure failure.

Overall, it is risky because it amplifies the structure’s movement due to the energy transferred
from the waves. Therefore, computing the resonance frequency is critical to prevent it and can
be determine by following formula:

𝜔𝑅 =

√︂
𝑐33

𝑚 + 𝑚𝑎
(7)

𝑐 is the restoring coefficient
𝑚 is the mass of the structure
𝑚𝑎 is the added mass for heave motion

The restoring coefficient 𝑐 is already calculated by considering the contributions from cylindrical
components, while the added mass𝑚𝑎 accounted for the mass of water displaced by the structure’s
movement.

𝜔33 =

√︂
13029

46963683
= 0.4 rad/s (8)
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3.7 Heave Response Characterization - Irregular Sea States
The Floating Offshore Wind Turbine experiences a sea state composed of irregular, long waves
with frequencies between 0 and 2 𝑟𝑎𝑑/𝑠. This condition arises from the combination of multiple
regular sine waves. Following is the formula for wave amplitude that it is function of time and
position of wave:

𝜁 (𝑡) = 𝜁𝑎 sin(𝑘𝑥 − 𝜔𝑡) (9)

where 𝜁𝑎 represents the wave amplitude, 𝑘 is the wave number, 𝑥 is the position, 𝜔 is the angular
frequency, and 𝑡 is time. to analyze the behavior of the FOWT, heave magnification & RAO will
be derived accordingly.

3.8 Heave Magnification Function 𝑉 (Ω)
The Heave Magnification Function is a crucial parameter for evaluating the response of offshore
structures to varying wave frequencies, as sea conditions change over time. Linear wave theory
is used to determine the response of system under the influence of waves with following key
assumptions:

• Determine the response of system to uniform, sinusoidal waves of a certain frequency.

• To simulate overall behavior of system in irregular sea, combine these individual responses.

• The effect of the hydrodynamic damping coefficient is not considered (𝑏).

• Considering all above, the Heave Magnification Function, 𝑉 (𝜔), can be calculated using
the given formula:

𝑉 (Ω) = 1[
1 −

(
𝜔2

𝜔2
𝑅

)] (10)

Magnification function is plotted against the given frequency range as shown in Figure 7.

• At 0 wave frequency due to very long waves, the heave magnification function becomes 1.

• At the resonance frequency, the heave magnification function approaches infinity, resulting
in a vertical asymptote in the plot.

• As the wave frequency grows significantly, the heave magnification function decreases
towards 0 leading to horizontal asymptote.
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Figure 7: Heave response of structure due to waves in undamped case. Infinite response at
resonance wave frequency

3.9 Heave Response Amplitude Operator (RAO)
Heave response amplitude operator (RAO) has been determined mathematically derivation based
on the following assumptions:

• In the calculation of the RAO, the hydrodynamic damping coefficient (𝑏) is neglected,
meaning the damping is not considered in the equation of force of excitation.

• The force on the bottom straight truss and bottom angular is neglected for the simplification
of calculation.

• It’s presumed that the dynamic pressure is relatively constant across the pontoon’s height.
Because the height of the pontoon is small as compared to the submerged depth (𝑧𝑡 -
𝑧𝑏 = 𝑠𝑚𝑎𝑙𝑙) of semi-submersible foundation. Therefore, the dynamic force acting on the
pontoon’s top is the same as those at its bottom. Following expression can be obtained:

Froude-Krylov Force = 𝜌𝑔𝜁𝑎𝑒
𝑘𝑧𝐴top sin(𝑘𝑥 − 𝜔𝑡) − 𝜌𝑔𝜁𝑎𝑒𝑘𝑧𝐴bottom sin(𝑘𝑥 − 𝜔𝑡)

𝐹fk = 𝜌𝑔𝜁𝑎𝑒
𝑘𝑧 sin(𝑘𝑥 − 𝜔𝑡)

(
𝐴top − 𝐴bottom

)
𝐹fk = 𝜌𝑔𝜁𝑎𝑒

𝑘𝑧 sin(𝑘𝑥 − 𝜔𝑡) (𝐴0)

(11)
(12)
(13)

whereas,
𝐴0 = Area of vertical columns.

Origin is taken at middle column on which turbine is placed and same is illustrated in Figure 5.
Horizontal distances 𝑥1, 𝑥2,𝑥3,𝑥4 relative to this origin are measured. These distances are required
as input in Froude-Krylov force to compute the dynamic pressure of each column. Notably,𝑥2=0
as middle columns lies at origin.
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𝐹𝑎 sin(−𝜔𝑡) = −
∫
𝑆

𝑝dyn𝜂 𝑑𝑆 + 𝑏𝑤 + 𝑚𝑎 ¥𝑢 (14)

set 𝑏 = 0 and applying Froude-Krylov force formula for individual column, so we get:

𝐹𝑎 sin(−𝜔𝑡) = 𝜌𝑔𝜁𝑎𝑒𝑘𝑧𝐴0 sin(𝑘𝑥1 − 𝜔𝑡) + 𝜌𝑔𝜁𝑎𝑒𝑘𝑧𝐴0 sin(−𝜔𝑡)
+ 2𝜌𝑔𝜁𝑎𝑒𝑘𝑧𝐴0 sin(𝑘𝑥3 − 𝜔𝑡) − 𝑚𝑎𝜁𝑎𝜔2𝑒𝑘𝑧 sin(−𝜔𝑡)

(15)

𝑖𝐹𝑎𝑒
𝑖𝜔𝑡 = 𝜌𝑔𝜁𝑎𝑒

𝑘𝑧𝐴0𝑖𝑒
𝑖𝑘𝑥1𝑒−𝑖𝑘𝑥1 + 𝜌𝑔𝜁𝑎𝑒𝑘𝑧𝐴0𝑖𝑒

𝑖𝜔𝑡

+ 2𝜌𝑔𝜁𝑎𝑒𝑘𝑧𝐴0𝑖𝑒
𝑖𝑘𝑥3𝑒−𝑖𝑘𝑥3 − 𝑚𝑎𝜁𝑎𝜔2𝑒𝑘𝑧𝑖𝑒𝑖𝜔𝑡

(16)

𝐹𝑎 = 𝜌𝑔𝜁𝑎𝑒
𝑘𝑧𝐴0𝑒

−𝑖𝑘𝑥1 + 𝜌𝑔𝜁𝑎𝑒𝑘𝑧𝐴0 + 2𝜌𝑔𝜁𝑎𝑒𝑘𝑧𝐴0𝑒
−𝑖𝑘𝑥3 − 𝑚𝑎𝜁𝑎𝜔2𝑒𝑘𝑧 (17)

𝐹𝑎 = 𝑐𝜁𝑎𝑒
𝑘𝑧

[
𝑒−𝑖𝑘𝑥1 + 1 + 2𝑒−𝑖𝑘𝑥3 − 𝑚𝑎

𝑐
𝜔2

]
(18)

𝐹𝑎 = 𝑐𝜁𝑎𝑒
𝑘𝑧

[
cos(𝑘𝑥1)

4
+ 1

4
+ cos(𝑘𝑥3)

2
+ 𝑚𝑎
𝑐
𝜔2

]
(19)

𝐹𝑎 = 𝑐𝜁𝑎𝑒
𝑘𝑧

[
cos(𝑘𝑥1) + 1 + 2 cos(𝑘𝑥3)

4
+ 𝑚𝑎
𝑐
𝜔2

]
(20)

RAO =
𝐹𝑎

𝜁𝑎𝑐
𝑉 (Ω) (21)

RAO = 𝑒𝑘𝑧
[
1 + cos(𝑘𝑥1) + 2 cos(𝑘𝑥3)

4
− 𝑚𝑎𝜔

2

𝑐

] 
1

1 − 𝜔2

𝜔2
𝑅

 (22)

3.9.1 Graphical Visualization of RAO

RAO captures the system’s sensitivity to wave frequencies. System shows prominent response at
the resonance frequency. This can be illustrated in Figure 8, where RAO is infinite.

On the other hand, RAO ≈ 0 just after the resonance wave frequency. Because wave-induced
forces becomes out of phase with the structure’s motion. This leads to destructive interference so
heave response reduces but does not cancel out.
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Figure 8: RAO of the undamped system gives infinite response at resonance frequency
0.45𝑟𝑎𝑑/𝑠.

3.10 Cancellation Frequency
There are specific frequencies at the FOWT exhibits minimum response known as cancellation
frequencies. It is calculated when force acting on top of pontoon becomes equal but opposite
to the force acting at the bottom of pontoon, resultantly the structure remain stationery. Hence,
following expression is obtained to calculate 1st cancellation frequency:

𝐴top · 𝑃dyn.T = 𝐴bot · 𝑃dyn.B (23)

𝜔cancellation =

√√√
ln

(
𝐴bottom
𝐴top

)
· 𝑔

𝑧TOP − 𝑧BOT
(24)

𝜔cancellation = 1.23 rad/s (25)

To eliminate heave motion at a specific wave frequency, modifications to the platform’s design
are necessary. Figure 8 above shows the 1st cancellation frequency at 0.5 𝑟𝑎𝑑/𝑠, which is not
according to calculations as calculated above and same is justified at 4.

3.11 Influence of Damping on RAO
Damping plays a important role reducing response of system as a result of incident waves
on structure. The structure retains its static condition more quickly then undamped system.
Reduction in RAO can be observed through RAO vs wave frequency diagram. The magnification
function in case of damping can be calculated using the following equation:
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𝑉 (Ω) = 1[
1 − 𝜔𝑟Ω 𝑏33

𝑐33
− 𝜔2

𝜔2
𝑟

] (26)

Figure 9 depicts the damped RAO, where increasing the damping shifts the peaks of the Response
Amplitude Operator to lower frequency ranges. This behavior is attributed to the decrease in
resonance frequency as damping levels rise. In damped harmonic oscillators, the addition of a
damping term in the resonance frequency calculation reduces its value. Moreover, incorporating
damping not only softens the asymptotic behavior of the curve but also leads to the development
of distinct peaks that are shifted to lower frequency regions.

Figure 9: Reduction in RAO with increase in damping of system from 0.1 to 0.8

3.12 RAO Characteristics for Hydro-dynamically Transparent Structures
Such structures through which waves are passed without effecting or disturbing it are called
as hydrodynamically transparent structures. Wave reflection, refraction, and diffraction are
negligible. Hydrodynamic transparency condition is as follows:

𝐷

𝐿
≤ 0.2 (27)

(𝐷) is diameter of the column, under the assumption that the columns are sufficiently large to
avoid interference between wave disturbances. Therefore, cutoff frequency is calculated to deter-
mine frequency beyond which hydrodynamic transparency condition is invalid. Its value is 0.78
rad/s.

On the other hand, a hydrodynamically compact structure considers wave interaction effects, such
as reflection and diffraction, which decreases the incident wave impact and resultantly, reduce
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the structure’s response. Pertinently, the response of a hydrodynamically compact structure is
typically lower compared to that of a hydrodynamically transparent structure.
Once the frequency exceeds the threshold of 0.78 rad/s, the structure is hydrodynamic compact.
Beyond this point, wave interaction effects such as reflection, diffraction, and radiation need to be
accounted for using diffraction theory. Consequently, for frequencies exceeding this cutoff, the
accuracy of the RAO function results is affected, as the analysis relies on the assumption that the
structure behaves as hydrodynamically transparent across the entire frequency range.

3.13 Impact of Deep-Water Conditions on RAO
The ratio of depth of seabed to wavelength determines deep or shallow water conditions. Follow-
ing equation is the condition for deep water:

𝑑

𝐿
≥ 0.5 (28)

If the above ratio is greater than or equal to 0.5 then there will be deep water condition.The
Response Amplitude Operator (RAO) for shallow water conditions is calculated using Airy wave
theory.

𝑃dyn = 𝜌𝑔𝜁𝑎 sin(𝑘𝑥 − 𝜔𝑡) (29)

𝑤 = 𝜁𝑎𝜔

(
1 + 𝑧

𝑑

)
cos(𝑘𝑥 − 𝜔𝑡) (30)

¤𝑤 = −𝜁𝑎𝜔2
(
1 + 𝑧

𝑑

)
sin(𝑘𝑥 − 𝜔𝑡) (31)

RAO = 𝑒𝑘𝑧
[
1 + cos(𝑘𝑥1) + 2 cos(𝑘𝑥3)

4
− 𝑚𝜔2

𝑐

(
1 + 𝑧

𝑑

) [ 1
1 −Ω2

] ]
(32)

where Ω =
𝜔

𝜔𝑅
and 𝑐 = 𝜌𝑔𝐴0 (where 𝐴0 is the area of the column (m2)). (33)

From the Figure 10, it is evident that in high-frequency ranges, the RAO values for shallow water
are significantly higher than those for deep water. This amplification effect is more prominent in
shallow water, likely due to an increase in the added mass under these conditions.
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Figure 10: Reduced response of structure in deep water as compared to shallow water

4 Conclusion
In this project, a semi-submersible floating platform for a 15 MW wind turbine has successfully
been designed for deep water environments up to 300 meters. The platform, made of steel and
weighted with concrete, has reliable stability, and is carefully designed to ensure safety and
efficiency.

Following are the main features of the design:

• Structural Stability: The platform’s structure, with a balanced arrangement of columns
and pontoons, ensures it stays steady and buoyant. Calculations show that it can remain
stable even under strong wind forces.

• Response to Sea Conditions: The platform’s movement in waves has been thoroughly
studied. This includes how it handles up-and-down motions (heave) to make sure it can
endure without damage. Moreover, It exhibits a cancellation frequency at 1.23𝑟𝑎𝑑/𝑠 which
is helpful in reducing its heave motion.

• Performance in Deep Sea: The design has been tested in both deep and shallow waters,
showing its reliability and adaptability in different sea conditions while maintaining stability
and performance.

• Difference between Cancellation Frequencies: There is a difference between theoretical
cancellation frequency (1.23 rad/s) and the numerical value (0.50 rad/s). following are the
reasons for this:
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1. The RAO equation is a numerical equation that considers Froude-Krylov forces, is
based on linear wave theory, which only works best for small wave amplitudes at
high frequencies, and also the area of horizontal and inclined trusses has not been
considered due to their small size and to simplify the calculations. Moreover, it does
not consider non-linear real-world complexities such as wave diffraction, added mass,
and structural interactions [21].

2. The theoretical formula considers the force balance approach based on idealized
conditions such as uniform hydrodynamic pressure & symmetric loading without
considering real-case complexities such as the impact of wind for a 15 MW wind
turbine in high sea states, wavelength, sea depth, added mass, etc.

3. For RAO simulation (graphical), the equation (22) takes 𝑧, which is an average draft
height or mean value, and it is not perfectly aligned with calculations. Therefore, 𝑧1
(distance from waterline to bottom) & 𝑧2 (distance from waterline to the top of the
pontoon) need to be considered. In this way, the shift in cancellation frequency can
be reduced.

4. Since RAO simulation incorporates realistic hydrodynamic effects, it provides a more
reliable estimate of the cancellation frequency. Therefore, the equation (22) needs
to be refined. The analytical force balance approach serves as a useful first-order
approximation, so it gives only rough estimates.

To sum up, the project provides a stable and adaptable platform for wind turbines. By balancing
structural strength and analyzing dynamic responses, this platform offers a promising solution for
sustainable energy production in deep sea conditions.
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5 Appendix 1

(a) Complete 3D Model obtained on Rhino (b) Side view representation of FOWT

Figure 11: Comparison between beam lateral deflection
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