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ABSTRACT: Mitigating wave-induced motions in floating multi-body systems is a critical challenge in ocean engineering. For
single floating structures, such as floating platforms or vessels, applying active control requires considerable energy. It is also a
common solution to add auxiliary structures and a power take-off (PTO) device, thereby forming a multi-body system that utilises
passive control. However, the effectiveness of this method is limited due to varying phase differences between control forces and
motions, which change across different wave frequencies. The present work proposes a novel semi-active structural control method,
which can effectively provide optimised control force to the main body within a multi-body system. The key point of this method
is tuning the phases between the forces and motions of floating bodies. Proper tuning can neutralise the main floating body’s wave-
induced motion by utilising the wave-induced motion of the auxiliary structure. The controller is developed under an optimal
declutching control framework, adjusting the damping coefficients of the PTO system to provide discrete resistance to the target
body. A floating semi-submersible (SS) platform equipped with a heave ring as an auxiliary structure is selected and analysed as
the case study. The results demonstrate the method’s efficacy in reducing motion for floating wind turbine (FWT) platforms and its
applicability to various types of multiple floating bodies. Interestingly, our optimal declutching control can “kill two birds with one
stone”. It can simultaneously enhance motion reduction and increase power capture. In the current study, the proposed controller
achieved a maximum motion reduction of 30% for the platform.

Keywords: Floating wind turbine; Floating wind-wave energy platform; Motion control; Semi-active control; Power take-off (PTO)
system
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1. Introduction

The implementation of floating structures in deep-sea environments is a contemporary trend in ocean engineering,
as it offers more wind or wave energy storage and less noise and visual pollution. One of the most challenging problems
in deep-sea environments is the control of wave-induced motion in floating bodies [1]. Wave-induced motion can cause
significant instability and even damage to offshore structures, leading to high maintenance costs and decreased
operational efficiency. For Floating Offshore Wind Turbines (FOWTs), the wave-induced motions will cause the
reduction of blade swept area and, hence, the power output. In the case of spar-type FOWT, the dominant pitch motion
may induce significant bending moments of the tower and potential oil leaks. Furthermore, according to regulations [2],
the acceleration at the nacelle should be less than 0.3 g to avoid damage to the power train during operation.

Ocean engineering has traditionally focused on optimising the shapes of floating bodies and implementing passive
control methods to reduce wave-induced motions. The optimised designs are also single bodies. Fixed heave plates can
add additional mass and suppress the heave motion of floating bodies [3—5]. Helical strakes are designed to suppress
vortex-induced vibration (VIV) [6-9]. Truss spar is a concept designed to increase the effective vertical mass and heave
damping of the structure and hence reduce the motion of floating platforms [10,11]. However, the effect of designs
depends on the floating structure geometry and the excitation force conditions. Additionally, the shape optimisation
process can be computationally expensive, as it often requires extensive simulations and iterative refinement.

Passive control methods also have been widely employed to reduce wave-induced motions, but their effectiveness
varies depending on the application. Passive control methods, such as movable heave plates, mooring systems, tuned
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mass damper (TMD) [12], tuned liquid column damper (TLCD), and tuned liquid column ball damper (TLCBD), can
be effective in certain scenarios [13,14]. Mooring lines could also be considered a passive control method. Du et al.
analysed the performance of offshore floating photovoltaics (FPV) arrays in shallow water and six types of
configurations of their mooring lines [15]. In this study, the key performance is not the motion but the maximum
mooring tension at the fairlead. However, these passive control methods are highly sensitive to the wave conditions and
only effective in a narrow wave bandwidth.

Active control methods are state-of-the-art solutions to reduce wave-induced motions in floating structures. Blade
pitch control is one of the typical active control methods for floating wind turbines to maximise the extraction of wind
energy and reduce the fluctuation of power output [16]. It can also be applied to mitigate waved-induced motion, but it
has to balance the weightings of the two objectives [17,18]. Moreover, such a method that relies on modifying the
aerodynamic lift on the blades is incapable of operating during shutdowns due to extreme events when load mitigation
may be most critical. Furthermore, wave frequency is much higher than the frequency at which wind speed or wind
direction changes. Frequent blade pitching is harmful to the rotor’s gear and bearing system. This method primarily
impacts the blade loads [19] and leads to negative damping of the platform-pitch mode [16].

Some other active control methods using additional structures are proposed for floating structures’ motion control,
including active dampers, active vertical vanes, active moorings, and gyroscopes [20-23]. While these technologies
have demonstrated their ability to improve motion control, they often necessitate additional power input, increasing
energy consumption [24]. Furthermore, the implementation of these active control methods can require complex control
algorithms and hardware, potentially increasing the overall cost and maintenance requirements of the system.

This paper is part of the author’s PhD thesis titled “Control on Multiple Floating Bodies” at the University of
Strathclyde. In this paper, we propose a novel approach that utilises wave energy itself to control the motion induced
by waves, thereby minimising and even eliminating the need for extra power input. The proposed method involves
connecting a floating heave ring to a floating semi-submersible (SS) wind energy platform, creating a multi-body system
that can be actively tuned to reduce the motion of the primary floating body effectively. The detailed concept designs
are shown in Section 2. This is achieved through the implementation of an optimal declutching control method, which
was proposed in the research of Yu et al. [25]. This method tunes the total force acting on the bodies, ultimately reducing
the motion experienced by the primary floating body. The proposed multi-body control method can be regarded as a
semi-active method, which controls some tuneable parameters (e.g., stiffness or damping) without needing as much
energy input as active systems.

The paper is organised as follows. Section 2 describes the numerical modelling of the novel SS-ring system. Section
3 introduces the hydrodynamics, constraint matrix method, and state-space representation of the floating multi-body
system. Section 4 introduces the control algorithm applied to the floating multi-body system. Section 5 discusses the
optimal control results of the SS-ring system. Finally, conclusions are summarised in Section 6.

2. Description of an SS-Ring System

The computational model is the combination of an OC4 semi-submersible platform [26] and a heave ring, as
illustrated in Figure 1. The hydrodynamic forces acting on the columns are much larger than on pontoons and cross
braces between columns so that these structures can be neglected for simplicity. In most sea areas, wind energy typically
has dominant components at frequencies lower than where wave energy becomes large. Since the main objective is to
reduce the wave-induced motions, the rotor mounted on the wind turbine tower is fixed, and the coupled dynamics
between the wind turbine and platform can be neglected.

The global and body-fixed coordinates are described in a Cartesian coordinate (x, y, and z) as illustrated in Figure
1. The origins of the body-fixed coordinates are located at the centre of gravity of each body, respectively. The primary
DoF for the semi-submersible platform’s motion is in the heave direction. The water depth is set to 200 m in this case.
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Figure 1. Top view (a) and side view (b,c) of the SS-ring system.

The heave ring works by providing additional hydrodynamic damping to reduce the heave motion of the structure.
Traditional heave plates are typically fixed beneath the columns or pontoons of the platform by a truss structure [27,28].
In this case, the heave ring is located at the water surface and surrounds the central column. It is designed to be movable
along the z-axis relative to the semi-submersible platform and is connected to the platform with a slide connection. A
PTO system is mounted at the central column of the platform and interfaces with the heave ring through a crank and a
slider. This linkage transfers the vertical motion of the heave ring to the PTO system. Similar concept was applied in a
hybrid Spar-Torus Combination [29].

The parameters of the OC4 semi-submersible platform and the heave ring are presented in Table 1, and the mass
Properties are presented in Table 2. SWL is the abbreviation of Still Water Line. Different from the tuned heave plates,
the damping coefficient of the damper is not predefined as a constant. Instead, it varies between 0 and Bprg with the
current declutching control method.

Table 1. Dimensions of the semi-submersible platform [26] and ring.

Parameters Dimensions

Depth to platform base below SWL (total draft) 20 m
Elevation of main column (tower base) above SWL 10 m
Elevation of offset column above SWL 12m
Spacing between offset columns 50 m
Length of upper columns 26 m

Length of base columns 6 m

Depth to top of base columns below SWL 14 m
Diameter of the main column 6.5 m
Diameter of offset (upper) columns 12m
Diameter of base columns 24 m

Ring outer diameter 20 m

Ring inner diameter 10 m

Ring draft 4 m

Table 2. Mass properties of the semi-submersible platform and ring.

Parameters Dimensions
Platform mass, including ballast 1.3473 x 10" kg
CM location below SWL 13.46 m
Platform roll/pitch inertia about CM 6.827 x 10° kg'm?
Platform yaw inertia about CM 1.226 x 10" kg-m?
Ring mass 3.8642 x 10° kg
Ring roll/pitch inertia about CM 4.995 x 10% kg'm?

3. Methodology

The concept of optimal declutching control used on multiple floating bodies was proposed and studied in the
research of Yu et al. [25]. Various objective functions and physical scenarios have been discussed in that research. This
paper only focuses on the realisation of the motion control of one body in the multi-body system.
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3.1. Motion Equation of a Floating Multi-Body System

For a multi-body floating system, the dimensions of the mass matrix, motion vector, and force vector are 6N x
6N, 6N x1,and 6N x 1, respectively, where N is the number of bodies. The theoretical model of N floating bodies
without any connection is depicted in as described in the paper of Yu et al. [25]. The global coordinate o-xyz is a
right-handed Cartesian coordinate with x-y axes in the horizontal water plane and z axis oriented in the upward
direction. Each body can be simplified as a mass point at its centre of gravity (CoG). The surface memory effect related
to the shape and velocity of a floating body is described by additional mass and damping coefficients. The hydrodynamic
parameters and motion responses are described in body-fixed coordinates o’/-x/y/z/, where j corresponds to the j-
th body.

Assuming the flow field is ideal, potential flow theory is applied to derive the hydrodynamic parameters of the
floating bodies. The water depth, h, is assumed to be infinite, and the waves propagate towards the positive x-axis
throughout the computation. When considering the nonlinear wave surface memory effect, the time-domain motion
equation of multiple floating bodies in the regular wave is

t
(M + m)ii(e) + j hy(t — D@L + K1) = fo(8) + frro() (1)
0

where the hydrodynamic coefficients and excitation wave forces are described in their body-fixed coordinates,
respectively. M is the body mass matrix; m, which represents p(0), is the added mass matrix at infinite frequency.
h.(t) isthe kernel retardation function matrix; K is the stiffness matrix. n(t), 7(t) and ij(t) are the displacement,
velocity and acceleration vectors, respectively, where the motion of body j is defined as 7/ =
[n{; né; né; ni; né; né] = [xj; yj; z7J; (pj; 67; 1/;1'], representing the surge motion, sway motion, heave motion, roll
angle, pitch angle, and yaw angle of j-th body, respectively. fej = [( A fv{/ sin(a)wt + sij )]T,i =1,2,---6, are the
components of the j-th wave excitation force vector, where fiy is the wave force transfer function; {# is the
incoming wave amplitude; wy is the angular wave frequency; sij are the phases of harmonic components of a
periodic wave.

fpro(t) is the PTO damping force vector applied by the PTO unit between adjacent multiple floating bodies,
which can be written as

foro’ (£) = —BlgToﬁ;(t),j =1,2,-,N—1 (2)

where BP{TO is the PTO damping between the adjacent j-th and (j+1)-th floating bodies, which is defined as a constant;

r)é(t) is the relative velocity between the adjacent j-th and (j+1)-th floating bodies. The average power output of the
system’s PTO is defined as

[ N
Pero =7 [ 1) Blroh(©%1dt G
T ), i—1

In this paper, two floating bodies are considered as an example, and hence, N is set to be 2 herein. The motion
Equation (1) of the two-body system is a 12-DoF (Degree of Freedom) equation, where 1 = [n},n%]T,i =1,2,-,6
or represented as 1 = [xl,yl,zl, (pl, 91,1/)1, xz,yz,zz, (pz, 62, 1,[)2]T, representing surge, sway, heave, roll, pitch, and
yaw respectively; fpro = —BptoAZz(t), where AZ(t) is the relative heave velocity between the semi-submersible
platform and the heave ring herein.

3.2. Approximation of Radiation Term

In the time domain, the nonlinear radiation term in the motion equation can be derived from Cummins’ impulse
theory [30]. According to Cummins’ equation, the radiation force is

t
R = f he(t — Dij(D)de @)
0

where h.(t) is the retardation kernel function, representing the wave memory effect. h.(t) can be obtained from the
added mass or potential damping in the frequency domain
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h.(t) = %f w(m — ur(w)) sin(wt) dw = %f A.(w) cos(wt) dw (5)
0 0

where p.(w) is the added mass in the frequency domain; A.(w) is the added damping in frequency domain. h.(s),
the Laplace transform of h.(t), can be regarded as the transfer function from the velocity 17(s) to the radiation force
fR(s). The presence of this convolution term in Equation (1) poses challenges for controller design and simulation. To
substitute the convolution term by frequency domain identification, the transfer function from the velocity 9(t) to the
radiation force fR(t) can be approximated and represented in state-space form

RO = ¢, -u®)

u(t) = A, - u(t) + Bn(t) (6)

The system matrices A,, B, and C, are derived by frequency-domain identification (FDI) using the MSS FDI
toolbox [31]. Hence, when considering the wave surface memory effect, Equation (1) can be written as

M +m)ij(t) + C; - u(t) + Kn(t) = fe(t) + fpro(t)

. ) (7)
u(t) = Ay - u(t) + Bn(0)

The coupling only exists in the heave and pitch DoFs; therefore, only the added mass and damping coefficients in
the heave (DoF33) and pitch (DoF55) directions are considered. As illustrated in Figure 2, the identified results for the
heave direction could fit well with data extracted from potential flow software, provided that a sufficient polynomial
order (fifth or higher) is employed for the approximation. The time-domain motion results obtained through system
identification are compared with the frequency-domain results, as discussed later in Section 5, to validate the
approximation of the radiation term. Comparing time-domain simulations using the Cummins integral with the system
identification model would offer valuable insights into its accuracy and limitations. However, this comparison is beyond
the current study’s scope and will be addressed in future research.
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Figure 2. Identification results in heave direction (DoF 33), including added mass and damping for: (a) SS platform, (b) heave ring,
(¢) cross-interaction from heave ring to SS platform, and (d) cross-interaction from SS platform to heave ring.
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3.3. Constraint Matrix Method

Within the SS-ring system, the relative motion in z direction remains unrestricted. fpro = —BproAZz(t)?, where
Az(t) is the relative translational velocity in heave direction between the two bodies herein. Because of the constraints
from the slide connection, relative motions in the other directions of the two bodies are the same, except for the heave
direction. The relative translation between the two connected bodies can be calculated from the difference between their
respective heave motions in the body-fixed coordinate. Therefore, the constraint equations are

[ xt=x2

yt=y?
=224+ Az
o ®)
g1 = g2
Pl =y
'xz' 1ooooo'xi' 0
y 0100 0 ofy 0
2 1
, 122l o 0 1 0 o oz —1
T =102[Zlo 0 0 1 0 ollet|*] 0 |24 )
ez lo 0 0o o 1 oflgr| |o
w2l o o 0o 0 o uy Lo

= 521711 + SzzAZ

where the motions of ring §? can be represented by the motions of semi-submersible platform n! and the relative
translation Az. The matrix form can be rewritten as

1

ol R A R A R 0
U [712 S21 Sa2llA Az U (19)
where I is the identity matrix; 5’ is the motion with constraint, and S is the coefficient matrix of constraints. In the
motion equation of the connected system, n, 7, i) can be replaced by n’, i)', #’. Substituting Equation (10) to

Equation (7), the original 12-DoF equation can be transformed into a 7-DoF equation set

M +m)Si)' () + €, - u(®) + KSn'(8) = fe(t) + fpro(®) + fn(t)

(11)
u(t) = A, - u(t) + B, S’ (t)

In the global coordinate of the hinge system, the hinge forces are internal forces. In order to eliminate the internal
hinge forces f},(t), multiplies the matrix ST at both sides of Equation (11). The hinge forces fj, can be eliminated
when it multiplies the matrix ST, because in the coordinate system of the hinge system, the hinge forces are internal.
According to Newton’s third law, the hinge forces and torques of the platform and the heave ring are of equal magnitude
and opposite directions. Hence, Equation (11) can be derived as

ST(M + m)Sij’ (¢) + STC,. - u(t) + STKSY' (t) = STf(t) + ST fpro(t)

(12)
u(t) = A, -u(t) + B.Si'(t)

3.4. Performance Indices

Two key performance indices are evaluated in this study: the platform’s heave motion and the PTO’s power output.
Both the performance indices are sensitive to the wave frequency and the damping coefficient of PTO. Figure 3a
presents the average heave speed of the semi-submersible platform under different PTO damping coefficients and wave

frequencies. The average heave speed is defined as v,y = % fOTIZ'Idt. No control is applied to the system herein. Since
the SS-ring system is a system with small damping across most wave frequency ranges, the heave results only have an
obvious increase near the resonance frequency of 0.62 rad/s. Besides, the heave speed amplifies with Bppg. As Bpro

reaches infinity, the platform and ring can be considered welded together. In this situation, the heave speed converges
to a constant value.
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Another performance index, the time-averaged power absorption of the PTO, is defined as Pprg =
% fOT BproAz2dt. Figure 3b shows the average power absorption of the PTO system under different PTO damping
coefficients and wave frequencies. The PTO power absorption peaks at a Bppg of 2 x 107 N-s/m. This value is set as

the initial Bppg of the PTO system. However, in this paper, the optimisation of Pppg is not our objective and will not
be discussed in detail. In the next section, when applying the optimal declutching control method, Bprg will be

replaced by Bg, which varies over time.
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Figure 3. Contour plot of the (a) average heave speed of semi-submersible platform, and (b) average power absorption of PTO,
under different PTO damping coefficients and wave frequencies.

In Section 5, the results and discussions focus primarily on two damping coefficients: 5 x 10° Nms/rad and 1 x 10®
Nms/rad, as shown in Figure 3. These two options represent low and high levels of Bpg.

4. Control Theory
4.1. Declutching Control

Phase control is a widely used strategy in active vibration control systems to reduce vibrations by adjusting the
phase relationship between forces and velocities. It is also effective for mitigating wave-induced motions in floating
structures. This study employs two complementary on-off phase control strategies: latching control and declutching
control, both of which use binary control commands to switch between discrete system states.

Latching control provides an infinite damping force alternatively by locking and releasing the floating body with
a brake system. The braking effect is similar to a car handbrake, where the brake is applied at zero velocity and relines
static friction to prevent motion [32]. Declutching control system provides discrete damping force by switching on and
off alternatively the by-pass valve in the circuit of the hydraulic cylinder. When the control command is 0, the by-pass
valve is closed, and the damping force is Bptg7)7; when the control command is 1, the by-pass valve opens, and the
damping force is 0.

Define x = [n'(t),#’' (), u(t)]", the linearised motion response of connected multiple floating bodies can be
written as

X=y-x+¢
0 A 0
STKS STB4S sTc,
VEI"STmM+m)s ~ STMS ~ ST(M+m)S|
0 B,.S A, (13)
0
r=|- fe()
STM +m)S
0

This linearised expression is more suitable for computation and adding a damping force as the control force. The
motion equation can be solved using MATLAB’s 4th-order Runge Kutta method. Furthermore, the hydrodynamic
interactions between multiple bodies induced by wave radiation are also considered.
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The damping forces from the resistance of water, the PTO system, and the control system are written in the same
term By in this equation. Define the total declutching control damping coefficient as By(t) = Bprg + [ (t)B.. When
B, is defined as equal to —Bprg, it represents the application of declutching control. With the binary control command
B, the linearised representation of the dynamics of the multiple floating bodies will be updated with a new damping
force term.

The range of damping of the latching control is from a constant value to infinite; for the declutching control, the
range is from O to a constant value. Locking the device during the latching periods allows the device to “wait for” the
excitation force. Unloading the device during the declutching periods allows the device to “catch up” to the excitation
force, which brings the device’s velocity (though nonlinear) into phase with the excitation force [32]. The energy costs
of declutching control comprise energy consumption of the control system and minor mechanical energy losses due to
friction, which are negligible.

4.2. Pontryagin’s Maximum Principle

Pontryagin’s maximum principle (PMP) is a widely used optimal control theory, suitable for continuous-time
systems with smooth dynamics and cost functions. It is particularly useful when the optimal control is a bang-bang or
singular control. In this research it can state the way to get the minimum motion of floating bodies in a limited period,
from the initial state to the end state with our control.

In order to minimise or maximise the target cost function, we need to minimise or maximise the Hamiltonian, H,
calculated by the system’s state.

H=L+Ay x+{)
oH oL (14)

="~ T Y

where A is the Lagrange multiplier and L is the performance index. L can be |v31| when representing the heave
speed of semi-submersible platform, or Bprgz? when representing the power absorption of PTO. By solving the value
of A, the Hamiltonian H containing f can be derived. In discrete control, the control command £ is binary, which
means the command can be either 0 or 1. When the sign of the coefficient before S is negative, £ is set to be 0; when

the sign is positive, § is 1. If H needs to be maximised, £ is defined as

ST[-B.; B0

T(q. c-c
g = 0, A°(8:14) STMS <0 (15)
1, otherwise

If H needs to be minimised, £ is defined as,

ST[-B.; B0
T(q. ¢ ~c
g = 1, 1°(8:14) STMS <0 (16)
0, otherwise
After (8 is solved, the responses with control can be computed. The responses with control are introduced to the
iteration as the initial state until the control command converges and reaches its optimum.

The objective function is defined by the performance index
1 T
=—| Ldt 17
=7 (7

The minimisation or maximisation of H corresponds to the same optimum of J. Minimising J implies
suppression of the main body’s motion through control while maximising J indicates amplification of the main body’s
motion through control. Different optimisation objectives correspond to different engineering scenarios.

In this paper, the objective is set to minimise the motion of the main floating body in a specified DoF. The objective
function to be minimised can be defined as the average L-1 norm as

1 T
Vavg =7 | Iilde (18)
0
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where v,y represents the time-averaged speed of the main floating body. The DoF depends on the specific model and
scenario. Similarly, the average L-2 norm objective function to be minimised can be defined as

1 T
Vg = | e (19)
0
The choice of objective function determines the effectiveness of the control.

5. Results and Discussions

The hydrodynamic parameters of the bodies and their interactions are solved in a 3D potential flow solver MHydro
[33,34], which uses the Rankine Source method to solve the velocity potential. The MHydro solver computes
hydrodynamic coefficients and wave forces. These coefficients are integrated into the mathematical model presented in
Section 3 to simulate platform dynamics. Figure 4 demonstrates the validation of the numerical modelling of the heave
motion Response Amplitude Operator (RAO) under a regular wave of 1 m. The time-domain heave RAO results
strongly agree with the frequency-domain results calculated using potential flow software SESAM. The agreement
suggests that simplifying the hydrodynamic coefficients in Section 3.2 is acceptable. Additionally, the difference in
motion between the multi-body system (without mechanical connections) and a single SS platform is small, indicating
that the hydrodynamic interactions between the bodies are negligible.

2.0

single SS (FD) —=— single SS (TD)
— SS-ring (FD) —=— SS-ring (TD)

1.5+
]
g
Q1o
= 1.0
-4
o
>
3
= 0.5

0.0 |

1 1 1 1
0.0 02 0.4 0.6 0.8 1.0
Frequency (rad/s)

Figure 4. Comparison of heave RAO of a single SS platform and a SS-ring system (FD = Frequency domain, TD = Time domain).

5.1. Control Results in Regular Waves

The objective function to be minimised is the time-averaged heave speed of the semi-submersible platform. Using
this objective function, the optimal control command can be calculated in MATLAB with the optimal declutching
control method. The initial Bppq is set to 5 x 10° Nms/rad. The heave motions are calculated in wave frequencies
range from 0.02—1 rad/s.

In this paper, only the results of the connected multi-body system are discussed. A comparative analysis to
determine if these results are better than those of single-body systems is not within the scope of this discussion. In
Figure 5, Vpeave 1n part of wave frequencies higher than 0.5 rad/s are slightly minimised. The reason is that the
declutching control can effectively reduce the average value of Bprg. The peak of the heave response curve moves left.
Therefore, the higher frequencies can be optimised. The tendency of Pptg is the same. The peak of the result with a
constant Bprg is not accurately presented because of the insufficiently fine interval of wave frequency. The condition
when Bprg is 5 x 10% Nms/rad is regarded as welded.

In Figure 5, the controlled result is not as low as the result without damping between 0.4-0.46 rad/s, which means
the results are sub-optimal. This is because the PMP can only find local optima. The results with control are highly
sensitive to time step, initial state, and final state. This difference is also discussed in the next subsection.
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Figure 5. The time-averaged heave speed of the semi-submersible platform in different wave frequencies when Bprg is 5 % 108
Nms/rad (Green dot: No damping; Blue dash: Welded; Black solid: Constant damping; Red solid: With control).

The controlled results with Bprg =1 x 10® Nms/rad in Figure 6 leads to different conclusions. Comparing Figure
5 and Figure 6 reveals that the heave motion highly depends on the selection of the damping coefficient. The lower
damping coefficient configuration (5 x 10® Nms/rad) in Figure 5 reduces heave motion at wave frequencies between
0.5 and 0.6 rad/s, which are above the natural frequency under constant damping (0.52 rad/s). In contrast, a higher
damping coefficient configuration (1 x 10® Nms/rad) affects wave frequencies between 0.5 and 0.64 rad/s, which are
below the natural frequency under constant damping (0.62 rad/s). This occurs because a high Bppg induces behaviour
similar to latching control, allowing the bodies to “wait for” waves at lower frequencies. A high Bptg also enhances
the control effect, making the motion reduction percentage higher due to increased energy extraction and greater
resistance to motion at specific wave frequencies.

1.0

- - - No damping |
—-—-=Welded !
0.8 L~ Constant damping
—— With control |
|
|
|
|
|

Vheave (Il’l/S)

0.4 |

 (rad/s)

Figure 6. The time-averaged heave speed of the semi-submersible platform in different wave frequencies when Bprg is 1 x 108
Nms/rad (Green dot: No damping; Blue dash: Welded; Black solid: Constant damping; Red solid: With control).

Average value of By is defined as By = % fOT By(t)dt, and the result is presented in Figure 7. The value fluctuates

with changes in wave frequency but generally remains lower than the initial Bprg due to the nature of the declutching
control strategy. The results suggest that while a control command is applied at each wave frequency, leading to a
reduction in the average By, this does not necessarily guarantee a significant control effect. The control effect is not solely
determined or reflected by Bgy. Therefore, we analyse the time-domain results in the next section for further conclusions.
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Figure 7. Average value of PTO damping coefficient with control in regular waves when (a) Bprg = 5 x 10° Nms/rad and (b)
BPTO =1x 108 NmS/rad.

5.2. Time Domain Analysis

The time-domain results of the platform’s heave velocity are shown in Figure 8, along with the corresponding control
command S. Generally, the controlled heave velocity is lower than without control, though fluctuations are observed. The
control command £ is a discrete function with values of 0 and 1, indicating whether the damping force is loaded to the platform.

1.0 4 1.0 7
- - - Without control Control command - - - Without control Control command
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TRk
uINUG
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Y
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Figure 8. Time domain motion responses and corresponding control command £ with w =0.54 rad/s: (a) z at Bppg =5 x 10°
Nms/rad; (b) Az at Bprg =5 % 10® Nms/rad; (¢) z at Bprg =1 x 108 Nms/rad; and (d) AZ at Bppg =1 x 10% Nms/rad.

The heave ring is relatively large, which provides large hydrodynamic damping to the system. The declutching
control significantly reduces the platform’s average damping. In an almost undamped system, the controlled motion in
the time domain tends to be periodic but not sinusoidal. In Figure 8, the results under control are approximate to the
response without damping. The profile of the controlled curve changes to a “beat vibration” pattern, a phenomenon
typically observed in forced, undamped oscillations. It is important to note that the system parameters of the semi-
submersible platform stay unchanged. Consequently, the observed variation in frequency is attributable to the resultant
force of the wave force and the PTO’s damping force. As the average z(t) of the platform decreases, there is a
corresponding reduction in the control time and, conversely, an increase in Z(t) results in a longer control duration.

While the control implementation results in a reduction of the average z(t), it also leads to an increase in the
fluctuation of the heave motion. This phenomenon can be attributed to our objective function, which is defined as
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minimizing the average heave speed. This issue is related to fatigue and dynamic loading concerns and requires further
attention in future research.

5.3. Analysis of Irregular Waves

In the controlled environment of regular waves, achieving an optimal control result is more straightforward. The
predictability and uniformity of regular waves allow for a control strategy that can be finely tuned to the wave’s
frequency. This periodic behaviour in regular waves is helpful to the calculation of an optimal average Bprg and leads
to efficient control. However, the irregular waves introduce complexity due to the stochastic nature of the ocean, with
many different frequencies and amplitudes present simultaneously. The control system must adapt to various conditions,
and a periodic control command may no longer be adequate.

The real-world applicability of the model is proven when it is tested against these irregular wave conditions. The
average significant wave height, Hy, spectral peak periods, T}, and peakedness parameter, y, of three sea states
generated using the Jonswap spectrum are listed in Table 3.

Table 3. Irregular wave conditions [35].

H, (m) Ty, Y
Load | 1.22 6 3.3
Load 2 1.98 7.5 3.3
Load 3 3.05 8.9 33

The relationship of forces exerted on a semi-submersible platform is depicted in Figure 9. It indicates that the wave
forces experienced by the platform are partly, but not perfectly, counteracted by the PTO damping forces. When the
two forces are in phase, the net force will lead to the opposite effect of motion mitigation. However, there is still a
notable reduction in the overall heave motions of the platform. Figure 10 details the heave motion mitigation effect
under three different load cases in irregular waves. The reduction effect across all cases suggests that the control strategy
dampens the heave motion effectively. The results prove the control method’s robustness and relevance for practical engineering
applications. The model demonstrates its potential for real-world deployment by proving effective in these scenarios.
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7,500 - —— PTO force

5,000
2,500

0

SN)

2,500 |-

-5,000
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Figure 9. Time domain results of the SS-ring system under irregular waves.
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Figure 10. The control effect in irregular waves on (a) average heave speed and (b) average power absorption.
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6. Conclusions

This study applies optimal declutching control to reduce wave-induced motion of a floating platform while
simultaneously converting mechanical energy into electric energy. In our previous work [25], the optimisation algorithm,
iteration numbers, and application scenarios based on objective functions of optimal declutching control were analysed
in detail. Here, a heave ring is added to a semi-submersible (SS) floating platform as a case to study the effect of our
control method on motion control.

Declutching control allows the auxiliary ring to temporarily separate from the PTO (Power Take-Off) system and
stop providing damping force to the platform. The ring can gain large acceleration during the declutching period and
provide a larger damping force to the platform when it is connected to the platform again. The optimal control algorithm
calculates the control command to minimise platform motion.

The heave motion of the platform vye,ye 1S reduced with the optimal declutching control in regular waves and
irregular sea conditions. Since the auxiliary ring is accelerated occasionally, the energy absorbed by the PTO system
Ppro is increased simultaneously as a “by-product”. Vpeave 1S reduced at maximum by 30% in different wave
frequencies. These two performance indices have a high cross-correlation coefficient 7 of nearly 1, indicating a positive
linear relationship between the two indices. From the energy point of view, the kinetic energy of the platform is
converted to the energy absorbed by the PTO system. From the phase point of view, the ring can “catch up” the wave
when declutching control is activated and the PTO damping is offloaded. Additionally, the average Bptg is reduced
during declutching, so the angular velocity of the ring increases.

A key advantage of the proposed method is that it hardly requires additional power input, as the device harnesses
the wave energy present in the system. This significantly differs from the high-cost active control methods that typically
rely on external power sources. Moreover, our approach enables phase control, which can be realised by opening or
closing a valve within the multi-body system. This allows for precise tuning of the wave force acting on the bodies,
resulting in more effective motion control and minimal power demand. Furthermore, the extra power generated by the
PTO system can be stored and utilised for other purposes.

The effectiveness of optimal declutching control is influenced by three factors, the wave frequency, the damping
coefficient, and the mass ratio between the ring and the platform. In future work, these aspects could be optimised for
improved design. The concept is not limited to heave rings or floating platforms. It can be extended to various scenarios
of multi-body systems, such as wave attenuators, for controlling wave-induced motions.
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